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Abstract 1 
The role of the brainstem and cerebellum in dizziness and balance have been studied 2 
extensively however subcortical and cortical contributions to dizziness and balance have 3 
largely been neglected.  Accordingly, this thesis has studied the mechanisms of vestibular 4 
cortical modulation using non-invasive stimulation, structural and functional changes 5 
occurring in the cerebral cortex following vestibular disorders and lastly the association of 6 
unexplained dizziness with cerebral small vessel disease. 7 
In the first study, bihemispheric tDCS was used to non-invasively stimulate critical temporo-8 
parietal areas with simultaneous eye movement recordings to analyse whether it acted 9 
indirectly through pursuit and VOR suppression mechanisms or direct modulation of the 10 
VOR.   This observed modulation was likely due to top-down cortical control of the VOR as a 11 
result of disruption to parietal interhemispheric balance and not mediated via brainstem 12 
pathways.  In the second study, cortical adaptation mechanisms in patients who have 13 
bilateral deficit of the VOR (bilateral vestibular failure) were investigated.  Initial 14 
manifestation of severe oscillopsia diminishes gradually in these patients, however the 15 
underlying adaptive mechanisms remain unclear.  Hence, primary visual cortex (V1) 16 
excitability was directly assessed using single pulse transcranial magnetic stimulation to 17 
induce phosphene percepts (an indirect measure of cortical excitability).   Patients exhibited 18 
raised phosphene thresholds implying reduced V1 excitability and were inversely correlated 19 
with oscillopsia scores, suggesting reduced visual cortical excitability is associated with 20 
improved functional status.  A significant decrease in the probability of phosphene 21 
perception was observed in patients when viewing visual motion compared to controls. A 22 
subset of patients exhibited markedly reduced V1 excitability, with strong or complete 23 
 3 
suppression of phosphenes during visual motion; a novel “disappearing phosphene” 1 
phenomenon. This study provided the first neurophysiological evidence that cortical 2 
adaptation mechanisms play a critical role in recovery from vestibular failure.  3 
Dizzy patients referred to two neuro-otology centres were divided into 'explained' and 4 
'unexplained' causes of dizziness based on a retrospective casenote analysis and a blinded 5 
review of white matter hyperintensities on T2 and FLAIR sequences in 3T MRI using 6 
validated visual Fazekas scale was conducted.   Increased severity of white matter 7 
hyperintensity in cases of unexplained dizziness suggests that such abnormalities are likely 8 
contributory to the development of dizziness. White matter lesions may induce dizziness 9 
either because patients perceive a degree of objective unsteadiness or by a disconnection 10 
syndrome involving vestibular or locomotor areas of the brain. 11 
 12 
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Chapter 1: A basic review of the vestibular system 1 
The vestibular system is a unique sensory apparatus in the human body which functions to 2 
stabilise gaze, involved in spatial orientation and maintaining posture and balance.  In 3 
normal conditions, the vestibular system functions deceptively well, leaving us consciously 4 
unaware of any sensations of vestibular activity.   5 
 6 
Anatomy 7 
The vestibular system is phylogenetically the most primitive part of the inner ear.  The 8 
labyrinth has two parts, membranous and bony the latter resides in the petrous part of the 9 
temporal bone.  It houses two types of sensors; semicircular canals and otolith organs 10 
(Figure 1 and 2). The cristae of the three semi-circular canals detect angular accelerations as 11 
a result of head rotation in any direction (Guedry, 1965), (Reisine et al., 1988) and two 12 
otolith organs (specifically maculae of utricle and saccule) which sense linear motion and 13 
gravity Both cristae and maculae contain two types of specialized hair cells which convert 14 
mechanical energy via integration (Curthoys et al., 1977),  into neural signals which 15 
corresponds to the velocity of head motion in relation to space. 16 
As semi-circular canals are orthogonally aligned to each other they are able to detect 17 
rotations in any direction which lie in the plane of each canal whilst the utricle senses 18 
motion in the horizontal plane and the saccule in the sagittal plane.  Primary vestibular 19 
neurons form part of the Scarpa’s ganglion which in turn gives rise to the two branches of 20 
the vestibular nerve; superior division which supplies the anterior and horizontal canal and 21 
inferior division which innervates the posterior canal and main part of the saccule.  (Figure 22 
 14 
1).  This transmits afferent information to the vestibular nuclei in the brainstem (floor of the 1 
4th ventricle) which also receive afferents from the cerebellum, spinal cord and contralateral 2 
vestibular nuclei.   These then project to the oculomotor nuclei, cerebellum, spinal cord, 3 
autonomic centres and cortex via thalamus. (Kawamura et al., 1974); (Deecke et al., 1974) 4 
(Dieterich et al., 2005) (Leigh and Zee 2006).   5 
The peripheral vestibular system is supplied by the labyrinthine artery which is a branch of 6 
the AICA. It divides into the anterior vestibular artery and the common cochlear artery.  The 7 
anterior vestibular artery supplies the vestibular nerve, utricle and ampullae whilst the 8 
common cochlear artery supplies the cochlea, ampullae of the posterior semicircular canal 9 
and the inferior part of the saccule. 10 
 11 
 12 
Figure 1: Anatomy of the Peripheral vestibular system  13 
(Max Brodel Archives) 14 
 15 
 15 
 1 
Figure 2:  Bony and membranous labyrinth   2 
 3 
Peripheral vestibular system illustrating semi-circular canals (angular acceleration) and 4 
otolith organs (linear acceleration). 5 
Physiology 6 
The semicircular canals are stimulated by angular acceleration and act as mechanical 7 
integrators.  The cupula is located within the ampullae of the semicircular canals.  When the 8 
head rotates, the endolymph within these canals lags behind (inertial effect) and this 9 
effectively deflects the cupula; a displacement which is proportional to the head velocity.  10 
This stimulates the hair cells within the cupula thereby converting this mechanical signal 11 
into a neural signal. The six canals make up three pairs which work in a synergistic fashion.  12 
For example, a right horizontal angular movement would increase firing rate (from a 13 
baseline tonic resting output of hair cells) from the right horizontal canal and decrease firing 14 
 16 
rate from the left horizontal canal. The afferent signals from canals transmit information 1 
about velocity of rotation (Goldberg and Fernandez, 1971); (Hullar et al., 2005, Hullar and 2 
Minor, 1999); (Sadeghi et al., 2007) to the vestibular nerve.  Comparatively, afferent signals 3 
from the otolith organs carry information about linear acceleration.  They have greater 4 
sensitivity for increasing frequencies of movement (Angelaki and Dickman, 2000); 5 
(Fernandez and Goldberg, 1976c, Fernandez and Goldberg, 1976b, Fernandez and Goldberg, 6 
1976a).   7 
 8 
Vestibulo-ocular reflex 9 
Vestibulo-ocular responses are generated to compensate for head motion to maintain 10 
clarity of vision with an equal and opposite reaction; for example if the head moves to the 11 
right, the eyes move to the left.  Notably, this is equal in amplitude but opposite in direction 12 
to the head movements in order to stabilise the image on the retina.  This exceptionally 13 
quick response (latency 6-16 ms) is attributed to a simple three-neuron reflex arc; the VOR 14 
and in normal subjects, for horizontal head movements, the gain (eye velocity/head 15 
velocity) equals 1.  This pathway (Figure 3) begins with vestibular afferents projecting to 16 
neurons in the vestibular nuclei, which in turn project to extraocular motoneurons (Cullen 17 
and Minor, 2002, Minor, 1998).   18 
 19 
 17 
 1 
Figure 3: Rotational Vestibulo-ocular reflex 2 
D. Angelaki, 2004    3 
As illustrated in this figure 3, head movement to the left leads to a compensatory eye 4 
movement to the right.   This is facilitated by head movement to the left activating the left 5 
horizontal semicircular canal (SCC) with concurrent inhibition of the right horizontal SCC. These 6 
 18 
excitatory and inhibitory signals are transmitted from the periphery to the vestibular nuclei in 1 
the brainstem via the vestibular nerve.  From there, one pathway projects directly to the 2 
ipsilateral oculomotor nuclei and subsequently to medial rectus muscle whereas the second 3 
pathway crosses the midline to the contralateral abducens nuclei to activate the lateral rectus 4 
and thereby co-ordinate the VOR.  Vestibular efferent neurons are located near the abducens 5 
nucleus in the brainstem and project bilaterally to vestibular receptors (Goldberg and 6 
Fernandez 1980).   7 
 8 
Eye movement physiology   9 
A brief outline of the physiology of eye movements including those examined in Chapter 2 10 
are summarised here.  The vestibular system has a role in controlling the eye movements 11 
(oculomotor system) as mentioned with regards to the VOR.   12 
Other movements which help to stabilise gaze during self or external motion apart from the 13 
VOR include visual fixation and optokinetic movements.   Saccades and smooth pursuit are 14 
gaze shifting movements and vergence serves to maintain binocularity of vision.  15 
Visual fixation is a way of sustaining gaze on a particular point.  It comprises three main 16 
types of eye movement in humans; ocular tremor  which consists of a minute movement of 17 
the eyes with a constant, physiological, high frequency tremor (between 60 and 120 Hz) and 18 
a low amplitude of about 30 seconds of arc (1/120 of a degree))(Sheahan et al., 1993) that is 19 
present when the gaze is fixated on a stationary object or image.  Secondly, ocular drifts also 20 
act to fixate the eye through a visual angle of 5 arc minutes (sixtieth of a degree )(Ko et al., 21 
2016) and microsaccades (small, rapid, jerk-like eye movements about 25 ms in duration 22 
 19 
with amplitudes from 1-2 minutes of arc (sixtieths of a degree), occurring in random 1 
directions (‘random walk’) to enable optimal fixation. 2 
The phylogenetically old optokinetic system responds to visual field motion in order to 3 
stabilise the image on the fovea.  The slow phase moves in the direction of the stimulus and 4 
works to keep the image stable on the fovea whereas the fast phase (saccadic) moves the 5 
eyes in the opposite direction.  It is complementary to the VOR which is effective at high 6 
frequencies whereas optokinetic and pursuit movements are responsible for stabilisation of 7 
the longer duration visual stimulus.  This is supported by previous studies whereby single 8 
unit recordings of optokinetic and vestibular inputs converge on single cells within the 9 
vestibular nuclei (Buttner et al., 1976, Henn et al., 1974). It is also important to note that 10 
previous studies have shown that labyrinthine-defective patients have (Zee et al., 1976) 11 
have lower mean slow phase velocities responses during optokinetic stimulation than 12 
normal subjects especially at higher frequencies.   13 
Saccades; the term derived from ‘saquer’ in French which means to pull; brings the object 14 
rapidly onto the fovea takes about 200 ms to initiate a high velocity movement (up to 350- 15 
600°/s in humans) depending on amplitude.  It is either visually triggered (as in OKN) or 16 
cortically initiated.    17 
 18 
Smooth pursuit eye movements involve tracking movements of the eyes to keep up with a 19 
distinct target velocity for optimal vision.  The gain of the pursuit system in healthy subjects 20 
is 1.   However, it is well known that this breaks down at frequencies greater than 1 Hz or 21 
when velocity is greater than 40-60 deg/seconds.  (Fender and Nye, 1961) (Schalen, 1980) 22 
 20 
1980)).  At frequencies under 0.5 Hz however, clarity of vision is maintained in healthy 1 
subjects (Barnes 1978).  Abnormalities of smooth pursuit described as ‘broken’ appear as 2 
‘catch up saccades’ indicate a central cause and particularly if they are asymmetrical.   They 3 
are sensitive to age and sedative medications hence may be symmetrically abnormal in 4 
these cases.  The widespread pathways involved mean that it is a non-specific ‘central’ 5 
finding which could be due to dysfunction of the primary visual cortex, parieto-temporal- 6 
occipital regions, brainstem or cerebellum (flocculus).   7 
 8 
VOR suppression or ‘cancellation’ of the VOR, if abnormal indicates a central cause as is 9 
mediated by central vestibular pathways.  If impaired, examination reveals pursuit eye 10 
movements, with saccadic intrusions, associated with the presence of a breakthrough 11 
nystagmus during head rotations.    Abnormalities of both pursuit and VOR suppression as 12 
evidenced by cerebellar lesion studies and flocculectomized monkeys strongly indicates that 13 
they are inextricably linked. ((Dichgans et al., 1978),  (Zee et al., 1981),(Koenig et al., 1986). 14 
The range of stimulus frequencies in humans in which VOR suppression ‘breaks down’ is 15 
similar to when pursuit also becomes ineffective thereby suggesting similar mechanisms at 16 
play (Barnes et al., 1978). 17 
 18 
 19 
 20 
 21 
 22 
 21 
Central vestibular processing 1 
 2 
  3 
 4 
Figure 4: Central Vestibular Processing Pathways   5 
Reproduced from neuroscience/auditory-and-vestibular-systems-sensory-system-part-3/ 6 
 22 
As depicted in Figure 4, the central vestibular pathways are truly complex however 1 
beautifully designed for perfect control of eye movements, balance and posture.  Briefly, 2 
afferent signals from the labyrinth project to the vestibular nuclei located in the brainstem.  3 
As illustrated, connections from the ampullae of the semicircular canals project to the 4 
superior vestibular nucleus (SVN) and medial vestibular nucleus (MVN) .  From the utricle 5 
and saccule, afferents end in the lateral vestibular nucleus (LVN) and from the saccule, 6 
project to the inferior vestibular nucleus (IVN). 7 
 8 
Ascending Vestibular Pathways 9 
From the SVN, neurons advance via the medial longitudinal fasciculus (MLF) and continue 10 
ipsilaterally to the trochlear and oculomotor nuclei. Fibres from the neurons located in the 11 
MVN medial vestibular nuclei also ascend in the MLF and project bilaterally to the abducens 12 
nucleus and contralaterally to the trochlear and oculomotor nuclei.  13 
 14 
Descending Vestibular Pathways 15 
The lateral vestibulospinal tract originates  from the LVN and descends ipsilaterally to the 16 
spinal cord ending in the anterior horn of both cervical and lumbar regions.  The medial 17 
vestibulospinal tract descends from MVN bilaterally in the MLF to the cervical spinal cord, in 18 
order to modulate head and neck position. 19 
 20 
 23 
Cerebellar Afferent and Efferent Projections 1 
Afferents signals project directly ( vestibulo-cerebellar connections) or indirectly from the 2 
medial and inferior vestibular nuclei. The LVN also receives both excitatory and inhibitory 3 
inputs from the cerebellum.  4 
Vestibulocortical Pathway 5 
From the superior and lateral vestibular nuclei, axons of neurons are able to transmit 6 
information with the cortex possibly through bilateral projections of these nuclei via the 7 
MLF to the the thalamus which projects to the cortex.   8 
It has been notoriously difficult to characterise a specific vestibular cortical area which 9 
appears to be represented more by a multisensory, multimodal cortical area in the parietal 10 
lobe, identified as the parieto-insular vestibular cortex (PIVC), where the visual, vestibular, 11 
somatosensory signals converge from cortical, cerebellar, brainstem and vestibular afferents 12 
to enable further ‘higher order’ vestibular processing.  The areas activated in macaque 13 
monkeys using single unit neuron recordings and tracer studies revealed area 2V at the tip 14 
of the intraparietal sulcus, proprioceptive/vestibular area 3aV (the neck-trunk region of 15 
somatosensory cortex) and frontal area 6 and area 7 in the inferior parietal lobe ((Guldin et 16 
al., 1992, Guldin and Grusser, 1998). The area identified with more than 50 % of vestibular 17 
units was labelled the PIVC, in the retro-insular and insular region (Akbarian et al., 1988, 18 
Grusser et al., 1990).  The human counterpart of this PIVC area has been implicated as the 19 
insula or posterior insula (Lopez et al., 2012) by using patients with lesions eg insular strokes 20 
who reported vestibular symptoms – vertigo(Brandt et al., 1995) and objective signs - 21 
nystagmus (Takeda et al., 1995)  supported by PET studies during caloric stimulation (Friberg 22 
 24 
et al., 1985) and fMRI studies (Bense et al., 2001, Dieterich et al., 2003b, Lobel et al., 1998, 1 
Suzuki et al., 2001). Specific targeted electrical stimulation in humans (Kahane et al., 2003, 2 
Penfield, 1957) has implicated the temporo-parietal junction as the main vestibular area 3 
however vestibular stimulation (calorics/ galvanics) have resulted in diffuse activation of 4 
areas including frontal, occipital, parietal, temporal, hippocampal confirmed by imaging 5 
studies (Dieterich et al., 2003a, Fasold et al., 2002, Lobel et al., 1998).  Similarly, middle 6 
superior temporal (MST) areas in monkeys were found to be activated during visual motion 7 
as well as during visuo-vestibular interactions(Komatsu and Wurtz, 1988, Newsome et al., 8 
1988).  Several studies agree however that the vestibular cortex is not a discrete anatomical 9 
location but in fact a multisensory network of connections(zu Eulenburg et al., 2012). It may 10 
be this explanation which allows us to understand the complexity of the vestibular system 11 
and its multi- level adaptation processes.  12 
Visual cortical processing 13 
From an undifferentiated cortex at birth the visual cortex gradually develops via a binocular 14 
visual stimulus.  Briefly, the anatomical visual pathway begins with projections from retina 15 
to the lateral geniculate nucleus via optic radiations and to the visual cortex by 16 
topographically representing the visual field/space in a retinotopic map.   From the primary 17 
visual cortex (V1), there are projections to other visual cortices.    fMRI studies have 18 
provided evidence to confirm the two ‘streams’ or pathways the ‘what’ or ‘where.’  The 19 
dorsal stream (where ) involves the  location of objects in space and their motion and 20 
projects to the V2, V5 MT, posterior parietal cortex whereas the ventral stream is 21 
responsible for detection of colour and shape and projects via V2, V4 to inferior cortical 22 
areas (Ungerleider et al., 1983). 23 
 25 
 1 
Visual vestibular interaction  2 
The interplay between the visual pathways and the vestibular system has long been 3 
recognised (Grusser et al., 1975) and extensively studied  (Barnes et al., 1978, Cullen and 4 
Roy, 2004, Halmagyi and Gresty, 1979, Maurer et al., 2000).    In optimal conditions, the 5 
visual and vestibular systems work together in a complementary fashion. For example, 6 
reading a newspaper whilst turning a corner requires fixation on the object itself; the VOR is 7 
suppressed and the visual system is able to maintain clarity of vision.  A classic example of 8 
visuo-vestibular conflict is described as ‘optic flow’ when you see a nearby car or train move 9 
whilst seated giving you an illusory sense of self- motion or ‘vection’.   There can be visuo-10 
vestibular conflict in artificial environments for example virtual reality settings where there 11 
may be visual dominance with suppression of vestibular cues.   The inhibitory reciprocal 12 
visual-vestibular interaction found in brain activation studies (Brandt et al., 1998) influences 13 
perception of self motion by control of the dominant sensory control (visual or vestibular) to 14 
allow for a natural interaction with the environment. In vestibular dysfunction, this conflict 15 
is significantly problematic with patients developing visual dependency in the long term 16 
(Guerraz et al., 2001, Witkin and Asch, 1948). 17 
Vestibular failure   18 
Normal vestibular function in humans results in stable vision, balance, spatial orientation 19 
and perception.  When this system fails it inevitably leads to an immediate difficulty in 20 
maintaining all the functional processes discussed above; and indeed visuo-vestibular 21 
interaction is disrupted leading to increased sensory competition or ‘conflict.’   22 
 26 
Unilateral vestibular failure has an incidence of 15/100,000 cases/yr (Neuhauser et al., 1 
2005). A loss or failure of the VOR leads to an illusion of the movement of the world 2 
(oscillopsia) associated in the acute phase with unsteadiness, imbalance, vertigo, nausea, 3 
vomiting.  In the long term it can leading to chronic dizziness, disequilibrium, falls and 4 
increased morbidity, cognitive issues (Gufoni et al., 2005) anxiety and psychological issues 5 
(Monzani et al., 2001). 6 
 7 
Bilateral vestibular failure is rare (1% of all dizziness) but likely underdiagnosed; with  8 
significant imbalance (Fujimoto et al, 2013) leading to increased falls and morbidity 9 
(Herdman et al., 2000) and cognitive issues which include reduced attention (Andersson et 10 
al., 2003).  Initiallypatients report ‘true’ rotational vertigo, disequilibrium, gait imbalance 11 
and oscillopsia which can be sudden (ototoxic) or episodic (autoimmune) depending on 12 
etiology.   13 
Clinically, at the bedside, the horizontal VOR is examined with a head impulse test and 14 
abnormal ‘catch up’ saccades are observed.   The head impulse test is a low amplitude fast 15 
acceleration movement (Halmagyi et al., 1990) and has been shown to be a reliable bedside 16 
tool similar in efficacy  to quantitative assessment with video head impulse test  (Jorns-17 
Haderli et al., 2007, MacDougall et al., 2009) and magnetic scleral search coils.  Eye 18 
movement examination in patients with BVF reveals an impaired VOR and loss of atleast 19 
two lines in dynamic visual acuity.  Slow VOR is less sensitive as visually enhanced VOR 20 
(VVOR) may come into play eg unilateral failure may actually appear ‘normal’.  All six canals 21 
can be tested clinically at the bedside and this can be confirmed with quantitative video 22 
head impulse testing.  This system records eye movements using an infra-red camera and 23 
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acceleration sensors to quantify eye and head movements.  It calculates gain as a ratio of 1 
angular eye velocity to angular head velocity in a comparable way to the previous search 2 
coil ‘gold standard’ methods (MacDougall et al., 2009). 3 
The main causes of BVF are drug induced toxicity for example gentamicin, idiopathic, (Rinne 4 
et al., 1998, Zingler et al., 2008), autoimmune, inflammatory, meningitic, carcinomatous, 5 
Creutzfeld Jakob disease, trauma and even Meniere’s disease (accompanied by aural 6 
fullness, tinnitus and deafness).   Other rare associations have been observed which include 7 
cerebellar ataxia with bilateral vestibulopathy (Rinne et al., 1998, Zingler et al., 2008) and 8 
another rare but notable cause is the syndrome of cerebellar ataxia, neuropathy, vestibular 9 
areflexia syndrome (CANVAS) with an impaired VVOR.  (Migliaccio et al., 2004, Rinne et al., 10 
1998) 11 
Hence it is important to perform the full neurological examination if a) no vestibular cause 12 
found or b) if associated cerebellar disease or suspected neuropathy.  Investigations include 13 
blood tests for autoimmune, inflammatory causes, pure tone audiometry, full 14 
electronystagmography (bithermal calorics , rotation chair), eye movement recordings 15 
(optokinetic nystagmus, pursuit, VOR suppression, saccades), video HIT.  Vestibular evoked 16 
myogenic potentials are performed for suspected inferior nerve involvement or associated 17 
Tullio phenomenon (Kaski et al., 2012).  If a central or cerebellar cause suspected, an MRI 18 
brain especially cerebellopontine angle and craniocervical junction are indicated. 19 
 20 
 21 
 22 
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Recovery and Treatment 1 
 2 
There are three known ways of adaptation and compensation for this condition.  Firstly 3 
changes occur at a cellular level (Beraneck et al., 2004), sensory substitution visual and/or 4 
somatosensory,  (Cutfield et al., 2014) or changes in connections between vestibular nerve.    5 
The mainstay of treatment is to diagnose and treat the cause if known.  The avoidance of 6 
vestibular suppressants (eg prochlorperazine, betahistine) and ototoxic agents (gentamicin, 7 
cisplatin) are advised. Vestibular rehabilitation aims to stimulate the central adaptation 8 
process (Herdman et al., 2000, Krebs et al., 1993) however the functional improvement is 9 
limited and tends to plateau (Herdman et al., 2015).  Other new treatments not in common 10 
use are vestibular prostheses (Kentala et al., 2003, Lewis et al., 2002, Rubinstein and Della 11 
Santina, 2002) or sensory substitution techniques (Brugnera et al., 2015, Uneri and Polat, 12 
2009).  The challenge therefore, is to investigate the underlying adaptive mechanisms and 13 
potentially develop ways of accelerating this adaptive process.  The benefits of doing 14 
research in this area means it gives us an insight into the neurophysiological basis of 15 
recovery potentially leading to more effective treatments.   16 
 17 
 18 
 19 
  20 
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Chapter 2:  Applications of neuromodulation to explore vestibular 1 
cortical processing: the effects of direct current cortical modulation 2 
upon pursuit, VOR and VOR suppression 3 
 4 
Introduction 5 
The visual and vestibular systems perform complementary functions in order to stabilise 6 
gaze and maintain spatial orientation during head perturbations. In recent years, findings 7 
from neuroimaging and lesion studies have highlighted the importance of the cortex in 8 
vestibular processing  (Dieterich et al., 2003, Lopez et al., 2012). Neuromodulation 9 
techniques such as transcranial magnetic stimulation and transcranial direct current 10 
stimulation (tDCS) offer different ways of modulating cortical excitability in order to infer 11 
underlying functional properties. These techniques differ fundamentally from galvanic 12 
vestibular stimulation as they target cortical processing rather than the peripheral vestibular 13 
system directly.  14 
Here findings of recent studies are discussed which have employed these techniques to 15 
study vestibular cortical processing.  Recently, transcranial direct current stimulation (tDCS) 16 
has been shown to modulate cortical vestibular function. Given that this technique has 17 
shown potential to treat balance disorders (e.g. leukoaraiosis); there is a need to 18 
understand the mechanisms involved in tDCS-mediated vestibular modulation. We 19 
postulate that tDCS modulation of vestibulo-ocular reflexes (VOR) is mediated by activation 20 
of VOR mechanisms. 21 
 22 
 30 
Transcranial magnetic stimulation 1 
 2 
Transcranial magnetic stimulation (TMS) can be used to selectively and focally disrupt 3 
different cortical regions or measure underlying cortical excitability. A major advantage of this 4 
approach is the spatial and temporal specificity with which it is possible to stimulate the 5 
cortex compared to the relatively less focal stimulation achieved with tDCS. An example of 6 
this is the work of Seemungal and colleagues who stimulated visual cortex with TMS in order 7 
to induce phosphenes (Seemungal et al., 2013).  Phosphenes are perceived as brief flashes in 8 
the visual field which correspond to excitation of particular areas of visual cortex and are used 9 
as a direct, albeit subjective, measure of visual cortex excitability. Since vestibular and visual 10 
cortices are thought to be linked via reciprocal inhibitory mechanisms (Brandt et al., 1998), 11 
phosphenes offer a direct way of quantifying the influence of the vestibular system upon 12 
visual cortex excitability. Recent study found that vestibular activation via caloric stimulation 13 
differentially modulated early visual cortex (V1) and motion sensitive visual cortex (V5/MT) 14 
excitability as measured by TMS-induced phosphenes. It was found that area V5/MT was 15 
selectively inhibited, whereas a generalised non-specific enhancement was observed for the 16 
early visual cortex (V1) (Seemungal et al., 2013). This work was extended by examining the 17 
influence that spatial attention mechanisms might have on these systems (Arshad et al., 18 
2013a). The interaction between vestibular cortical and spatial attention mechanisms has 19 
previously been shown to display a bidirectional relationship (Arshad et al., 2013b). This is 20 
thought to occur because the cortical areas most frequently implicated in processing 21 
vestibular signals (i.e. the multi-sensory fronto-parietal network), located predominantly in 22 
the non-dominant hemisphere, are also known to play a critical role in spatial attention 23 
(Corbetta and Shulman, 2002, Dieterich et al., 2003). In this study, TMS was used to probe V1 24 
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excitability during caloric stimulation, and then combined with a visuospatial or non-1 
visuospatial task. A specific reduction in the perceived intensity of phosphenes was observed 2 
only during a right cold caloric (activating primarily left hemisphere) combined with a 3 
visuospatial task (remembering a grid of numbers and their allotted locations). However, no 4 
changes were observed during left cold caloric or performance of the non-spatial task. These 5 
findings suggest that concurrent vestibular and spatial attention processing results in 6 
suppression of early visual cortex (Arshad et al., 2013a). These studies illustrate how TMS can 7 
be used to explore visual-vestibular interactions and expand the findings of functional imaging 8 
studies by providing causal evidence for the directionality of effects observed in the scanner. 9 
Indeed, other vestibulo-cortical interactions can also be probed using TMS, such as 10 
vestibular-induced modifications of the corticospinal tract. This has been investigated by 11 
measuring the effect of caloric irrigation on the amplitude of motor evoked potentials (MEP) 12 
evoked by applying TMS over the primary motor cortex. It was demonstrated that during 13 
caloric activation the activity of the sternocleidomastoid muscle was modulated, suggesting 14 
that this neck muscle operates under both corticospinal and horizontal semi-circular canal 15 
control (Guzman-Lopez et al., 2011a). TMS can also be used to selectively inhibit and disrupt 16 
the function of selected brain areas in order to assess their functional relevance. This 17 
approach was recently employed in a study which used TMS to inhibit sub-regions within 18 
parietal cortex before measuring subjective judgements of the visual vertical (Kheradmand 19 
et al., 2015). Prior to participants making a judgement about the verticality of a line, a high 20 
frequency inhibitory burst of TMS (continuous theta burst) was applied to the right parietal 21 
cortex. By varying the location of the stimulation site, the authors found that the posterior 22 
aspect of supramarginal gyrus was associated with significant distortions in the perceived 23 
tilt of a line. The application of TMS was combined with neuro-navigation techniques in 24 
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order to accurately localise and identify the targeted brain areas using structural brain scans 1 
(Kheradmand et al., 2015). The application of inhibitory repetitive TMS has also been used 2 
to probe the perception of position in space as the body is rotated. When TMS was applied 3 
to posterior parietal cortex during the encoding phase of a rotation it resulted in increased 4 
errors when estimating angular displacements, but it did not affect velocity perception. This 5 
revealed that posterior parietal cortex may play a critical role in path integration – the 6 
process by which angular position in space is determined (Seemungal et al., 2007, 7 
Seemungal et al., 2008a, Seemungal et al., 2008b). The above studies illustrate how TMS can 8 
be used to focally probe and dissociate the specific contribution of different brain regions 9 
involved in vestibular cortical processing. 10 
 11 
Transcranial direct current stimulation 12 
 13 
The effects of direct modulation of hemispheric activity have also been investigated using 14 
transcranial direct current stimulation (tDCS). This non-invasive stimulation technique has 15 
been used to modulate a range of functions including motor learning, sensory and cognitive 16 
systems [14]. Recent work has attempted to assess the impact of tDCS upon vestibular 17 
cortical processing. Kyriakareli and colleagues (Kyriakareli et al., 2013) examined 18 
the effects on both oculomotor and perceptual components of vestibular processing after 19 
bilaterally stimulating the temporo-parietal junction (TPJ) using tDCS. Vestibular-ocular and 20 
vestibulo-perceptual thresholds during high frequency rotations were measured before and 21 
after 15 minutes of tDCS and resulted in an increase in both VOR and perceptual thresholds 22 
following stimulation, regardless of the direction of rotation, with the stronger effect 23 
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observed on VOR thresholds (Kyriakareli et al., 2013). In a separate study, Arshad et al. 1 
(Arshad et al., 2014b) used tDCS to explore what effect stimulation of posterior parietal 2 
cortex had upon vestibular processing of a caloric stimulus. In the bilateral stimulation 3 
condition with the cathode over left parietal cortex and anode over the right, a significant 4 
reduction in the slow phase velocity of the VOR was observed only during the right caloric 5 
irrigation. In contrast, no significant modulation of VOR was apparent during the reverse 6 
stimulation or ‘sham’ conditions (Arshad et al., 2014b). These effects were explored further 7 
by selectively stimulating either left or right parietal cortex alone, with the reference 8 
electrode on the shoulder. This revealed that inhibition of left parietal cortex (cathodal, 9 
inhibitory stimulation) was the critical factor in inducing the observed modulation of the 10 
VOR (Arshad et al., 2014b). These studies demonstrate that disruption of interhemispheric 11 
parietal balance results in modulation of vestibular function (Arshad et al., 2014b, 12 
Kyriakareli et al., 2013), with the differential effects observed possibly dependent upon the 13 
specific nature of the vestibular stimulus employed. One possible explanation for these 14 
findings could be related to the impact of brain stimulation upon pursuit or VOR suppression 15 
mechanisms. Therefore, we conducted a separate experiment to directly test this 16 
hypothesis. Using the same tDCS montage to bilaterally stimulate posterior parietal cortex, 17 
we investigated whether similar asymmetries were also induced in pursuit eye movements, 18 
VOR and VOR suppression. 19 
 20 
 21 
 22 
Methods - general 23 
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12 healthy right handed subjects (8 male, mean age=20, SD=2.13) with no history of 1 
otological, neurological or ophthalmological disease were recruited. One subject was 2 
excluded due to technical difficulties associated with one of the brain stimulation 3 
conditions. Each subject underwent two sessions at least 24 hours apart to avoid carryover 4 
effects, and the order of conditions counterbalanced using a Latin square design. The 5 
behavioural eye movement measurements were acquired immediately before and after 6 
tDCS in each session. All subjects provided written informed consent as directed by the local 7 
ethics research committee. Results were analysed using in-house Analysis software written 8 
by Mr D. Buckwell.  Files were acquired from the Acquire program and then analysed in 9 
Analysis software.  Data was viewed in ‘normal’ mode.  Sample rate was set at 250 Hz and 10 
blockwidth 2000 ms.  Size and scale of the channel were adjusted appropriately to allow for 11 
accurate analysis.  The selected channel was highlighted.  Eye movements were calibrated 12 
using two selected horizontal cursors on the calibration signal; 30 degrees horizontally to 13 
the right and to the left.  A duplicate channel was then created.  All eye movements (OKN, 14 
pursuit, VOR and VORs) were analysed individually.  With each eye movement eg VOR the 15 
stimulus to the right/left was then blocked. The waveform was then differentiated (with 16 
smoothing), linear and non-linear filters were applied and desaccaded.  The peak slow phase  17 
velocity of the nystagmus was thus calculated by placing the horizontal line cursor on the 18 
average peak of the slow phase.  5 measurements of each recording  were recorded 19 
respectively and an average calculated.  20 
 21 
 22 
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Methods- vestibular assessment parameters 1 
 2 
For each subject, horizontal eye movements were recorded using binocular 3 
electronystagmography. Eye movements were captured with three small adhesive 4 
electrodes (Carefusion, Ag/AgCl) attached to the outer canthi of both eyes and forehead. 5 
Testing was performed using a motorised rotatory chair (Neurokinetics Inc., Pittsburgh, 6 
USA) in complete darkness. The eye movements were calibrated using 30 degrees horizontal 7 
targets.  Following this, VOR, VOR suppression (VORs) and pursuit were assessed both 8 
before and immediately after tDCS stimulation. The order was randomised according to a 9 
Latin square design. The VOR and VORs measurement lasted 1 minute 30 seconds and 10 
pursuit data was collected for 40 seconds. Sinusoidal VOR and VOR suppression were 11 
measured at a frequency of 0.25 Hz and a peak velocity of 40 degrees/s, and pursuit was 12 
assessed at two frequencies, 0.1 Hz and 0.4 Hz. 13 
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 1 
Figure 5: Calibration of the Eye Movement Signal    2 
 3 
This figure represents the calibration of the eye movement signal with respect to target 4 
position and eye position using electro-oculography in a normal participant.  Targets of 30 5 
degrees horizontally to the right and left (as shown) were used to calibrate the eye 6 
movement (see Methods for further details)  7 
 8 
 9 
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 1 
Figure 6: Analysis of pursuit eye movements in a participant 2 
 3 
This figure illustrates the stimulus position (top trace); a laser dot which moved 4 
horizontally at 20 deg/s and 0.1 Hz.  The eye position is indicated (middle trace) and the 5 
differentiated,  filtered and desaccaded signal representative of eye velocity (bottom 6 
trace) is shown as degree/s.  Scale represents  time in seconds below the figure. 7 
 8 
 9 
 10 
 11 
 12 
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Figure 7:  Representative analysis of VOR suppression in a subject 5 
 6 
This figure represents the target position, eye position (degrees) and the differentiated 7 
and filtered eye velocity (peak velocity of 40 degrees/second).  Scale represent time in 8 
seconds below the figure. 9 
 10 
 11 
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 2 
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Figure 8: Quadrantic analysis of chair  to eye movement velocity to illustrate VOR gain 4 
 5 
This figure is a representative example in a subject of the analysis of VOR gain.  6 
Quadrantic analysis of chair (X axis) to eye movement velocity (Y axis) was used to identify 7 
gain (chair velocity/eye velocity = 1 if normal).  The velocity scales are shown in 8 
degrees/sec. 9 
 10 
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Figure 9:Rotatory Chair Testing    20 
Testing performed in a motorised rotatory chair (Neurokinetics Inc., Pittsburgh, USA) 21 
Subjects were seated in a chair facing the screen and seatbelts applied (as shown) for 22 
safety purposes.  The head was fixed with side clamps.   23 
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Figure 10  Brain Stimulation  9 
 10 
Electrodes were applied (as shown) to record eye movements.  Bihemispheric montage of 11 
rubber electrodes with gel applied over the posterior parietal cortex A band was applied 12 
over the electrodes (as shown) to ensure contact and fixed position.  The electrodes were 13 
connected to a battery driven stimulator (neuro-Conn GMBH, ilmenau, Germany).  14 
 15 
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1 
 2 
Figure 11 A Brain Stimulation Montage B Results 3 
Brain stimulation montage and results for the VOR modulation following application of tDCS. A) The bilateral 4 
stimulation montages are shown for the two conditions employed (i.e. Right Anodal or Right Cathodal) B) 5 
Application of either right anodal or right cathodal tDCS has a significant opposing effect on the change in VOR 6 
gain (Post-Pre tDCS), Data indicated * are significant at P<0.05 and error bars represent standard error. 7 
 43 
 1 
Results 2 
Representative examples of calibration (figure 5) and eye movement recordings of pursuit, 3 
VOR and VORs using Analysis program are illustrated in Fig. 6-8. For the VOR during 4 
sinusoidal rotation, a 2×2×2 repeated measures ANOVA was performed with within-subjects 5 
factors of tDCS stimulation (Right Anodal or Right Cathodal), condition (pre or post tDCS) 6 
and direction of the nystagmus (leftward or rightward). No significant main effects of tDCS 7 
stimulation, condition or direction were found but the interaction of tDCS stimulation * 8 
condition was significant (p=0.041, F=5.47, df=1). For illustrative purposes the change in 9 
VOR gain (Post – Pre tdcs) was calculated with leftward and rightward directions combined 10 
together as shown in Fig. 9B. Here, the two types of stimulation (right anodal/left cathodal 11 
or right cathodal/left anodal) have an opposing effect on the VOR gain; i.e.the change in 12 
VOR gain following right anodal/left cathodal stimulation showed a significantly greater 13 
increase as compared to left anodal/right cathodal stimulation (Fig.11). Importantly, for VOR 14 
suppression no main effects of tDCS, condition or direction were observed and no significant 15 
interactions were found (p>0.05; 2×2×2 repeated measures ANOVA as above for VOR). For 16 
the smooth pursuit, a 2×2×2×2 repeated measures ANOVA was performed with within-17 
subjects factors of tDCS stimulation (Right Anodal or right Cathodal), condition (pre or post 18 
tDCS), direction of target (leftward or rightward) and pursuit frequency (0.1 Hz or 0.4 Hz). 19 
No significant main effects or interactions were found (p>0.05). Figure 13 illustrates that no 20 
significant changes were found for gain in VOR suppression or pursuit following application 21 
of either brain stimulation condition. 22 
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Figure 12  Results VOR gain with tDCS 2 
 3 
 45 
 1 
Figure 13: Results 2 
 3 
The change in gain following application of Right Anodal or Right Cathodal tDCS. A) No 4 
significant change in gain (post-pre tDCS) was observed for VOR suppression. The graph 5 
illustrates the change in gain when both rightward and leftwards rotations were 6 
combined. B) No significant change in gain was observed for pursuit, with the graph 7 
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illustrating combined results for both directions (leftwards and rightwards moving target) 1 
and both frequencies (0.1 Hz and 0.4 Hz). Error bars represent standard error.   2 
 3 
Discussion 4 
 5 
The findings presented here suggest that disruption of interhemispheric parietal balance via 6 
the application of bi–hemispheric tDCS modulates the VOR during high frequency rotation in 7 
a non-direction specific manner. Critically, tDCS did not modulate either pursuit or VOR 8 
suppression mechanisms, thereby implying that both of the previous reports where 9 
modulation of VOR was observed following the application of tDCS were not attributable to 10 
either of these mechanisms (Arshad et al., 2014b, Kyriakareli et al., 2013). Neither can the 11 
effect observed upon the VOR be explained by non-specific galvanic stimulation effects of 12 
tDCS as Kyriakareli and colleagues demonstrated that this protocol does not induce 13 
torsional eye movements as measured with 3DVOG (Kyriakareli et al., 2013); the dominant 14 
eye movement elicited by galvanic stimulation (Severac Cauquil et al., 2003).  Indeed, we 15 
observe a bilateral modulation of the VOR and not the asymmetrical modulation of the VOR 16 
observed by Arshad and colleagues (Arshad et al., 2014b). They argued 17 
that the differential effects observed were attributable to the nature of the vestibular 18 
stimulus employed. That is, the rotational stimulus employed in this study and by Kyriakereli 19 
and colleagues (Kyriakareli et al., 2013) lasts < 1 s (steps) whereas the temperature gradient 20 
created by caloric irrigation lasts several minutes (Barnes, 1995). Hence, VOR parameters 21 
are measured during the high frequency component of the rotational stimulus – typically 22 
within 1–2 s of the high acceleration delivered and when the slow acting velocity storage 23 
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mechanism is not involved. In the previous study by Arshad and colleagues (Arshad et al., 1 
2014b) a caloric stimulus was deployed and the peak velocities reported reached 60–80 2 
seconds after stimulus onset, almost certainly under the influence of the velocity storage 3 
mechanism. 4 
These findings suggest that application of tDCS over the parietal cortical areas possibly 5 
modulates the VOR not through pursuit or VOR suppression mechanisms, but instead via 6 
direct top-down cortical modulation of the VOR. Although the stimulation was localised to 7 
the parietal cortex, there is a possibility that this could also be explained by a generalised 8 
effect of disrupting interhemispheric balance between the homologous lobes (Arshad et al., 9 
2013a, Arshad et al., 2013b, Arshad et al., 2014b). The lack of any significant effect on 10 
pursuit and VOR suppression could also reflect a limitation of the stimulation technique to 11 
influence the more complex brain networks involved in these processes.  The last decade 12 
has seen significant achievements in understanding vestibular cortical processing using 13 
functional imaging techniques. Recent technical advances in non-invasive brain stimulation 14 
now present an opportunity to test the causality of the findings from neuroimaging. Future 15 
studies could potentially use tDCS to treat aspects of common vestibular disorders in both 16 
the acute and chronic stages, as already shown for balance problems of non-vestibular 17 
origin (Kaski et al., 2013). Moreover, probing individual differences in visual cortical 18 
excitability with TMS could be used to explore the relationship between health outcomes 19 
and behavioural predictors such as visual dependency following vestibular neuritis (Cousins 20 
et al., 2013). 21 
 22 
 23 
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Chapter 3: Visual cortex adaptation in bilateral vestibular failure 1 
 2 
Introduction 3 
 4 
Bilateral vestibular failure (BVF) is a dysfunction of both labyrinths or eighth cranial nerves, 5 
leading to absence or near absence of the vestibular-ocular reflex (VOR).  Idiopathic BVF is 6 
the most prevalent condition but ototoxicity (e.g. aminoglycosides), autoimmune, 7 
degenerative, cranial neuropathies, vasculitis, meningitis and carcinomatous causes are also 8 
implicated.(Rinne et al., 1998, Zingler et al., 2008).  Functionally, the VOR provides retinal 9 
image stabilisation during head movements.  Accordingly, patients with absent vestibular 10 
function present with an intense sensation of illusory movement of the visual world 11 
(oscillopsia) due to excessive retinal slip during self motion (Gresty et al., 1977).  With time, 12 
however, patients report being less troubled by oscillopsia and this improvement is thought 13 
to be mediated by two types of central compensatory mechanisms.  The first described and 14 
much studied mechanism involve oculo-motor changes that improve gaze stability during 15 
head movements  (Bronstein and Hood, 1987, Dichgans et al., 1973, Gresty et al., 1977, 16 
Kasai and Zee, 1978).  Less understood are the compensatory mechanisms involving 17 
perceptual changes, whereby patients become less sensitive to visual motion than control 18 
subjects (Kalla et al., 2011, Morland et al., 1998, Shallo-Hoffmann and Bronstein, 2003).  19 
Interestingly, some of these functional visual changes correlate with clinical outcome 20 
(Bronstein and Hood, 1987, Grunfeld et al., 2000) and, therefore, understanding the neuro-21 
physiological basis of these mechanisms could have not only theoretical but also practical 22 
clinical value. 23 
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Given the high degree of plasticity present in the cerebral cortex, particularly the visual 2 
cortex, (Gilbert and Li, 2012, Karmarkar and Dan, 2006),  these areas would be likely sites 3 
where adaptive changes in visual motion perception mediating oscillopsia improvement in 4 
BVF would take place  (Gottlich et al., 2014, Kalla et al., 2011).  Some support for this 5 
concept has come from functional (Bense et al., 2004, Cutfield et al., 2014, Dieterich and 6 
Brandt, 2008)  and structural imaging data (Kirsch et al., 2015) but so far it has never been 7 
attempted to assess visual cortical excitability in BVF patients in order to test this hypothesis 8 
directly.  As in the absence of VOR patients with BVF are continuously exposed to retinal 9 
image slip during self-motion, we propose that successful long term adaptation, and hence 10 
oscillopsia clinical outcome, would require modulation of visual cortical excitability during 11 
visual motion.  With the advent of transcranial cortical magnetic stimulation (TMS) this is a 12 
testable hypothesis and, herewith, we will assess visual cortical excitability in patients with 13 
BVF.  The specific technique relies on eliciting phosphenes via TMS activation of the occipital 14 
cortex, a well established procedure, but never before applied to patients with vestibular 15 
lesions. 16 
 17 
In a recent study (Arshad et al., 2014a) we reported changes in the excitability of primary 18 
visual cortex (V1) using TMS-induced phosphenes in normal subjects following visual motion 19 
adaptation using optokinetic (OK) stimuli. It was found that V1 excitability decreased after a 20 
short period of adaptation to visual motion.  Here, we implement a simplified, patient-21 
friendly version of this paradigm in three visual motion conditions: baseline (stationary 22 
stimulus), pre-adaptation motion (with unidirectional optokinetic visual motion) and post-23 
adaptation motion condition. As previous studies in BVF patients reported reduced psycho-24 
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physical sensitivity to visual motion we hypothesise that occipital excitability will be 1 
diminished in baseline conditions (i.e. higher TMS intensities may be required to elicit 2 
phosphenes).  If these changes were related to central compensation, one would expect 3 
TMS phosphene findings to correlate with oscillopsia clinical status.  Finally, given that BVF 4 
patients are continually exposed to increased levels of retinal image motion, they may be 5 
already pre-adapted to visual motion and, hence, their response to optokinetic adaptation is 6 
likely to differ from that in normal subjects. 7 
 8 
 9 
Methods 10 
Participants 11 
Twelve BVF patients (7 males) aged between 29-65 (mean age=54.5 SD=11.9) were 12 
recruited into this study. Of the 12 cases, 7 were idiopathic, 3 autoimmune, one vasculitis 13 
and one secondary to gentamicin toxicity; all of which had been diagnosed for more than 14 
one year.  Patients with BVF secondary to associated neurological causes e.g. cerebellar 15 
degeneration, siderosis, meningitis, were excluded due to potential contraindications or 16 
confounding issues e.g. direct CNS damage.  BVF was confirmed clinically in all patients with 17 
positive head impulse test bilaterally and with complete absence of a nystagmic response to 18 
bithermal calorics and velocity step chair rotation at 90 °/s, as described. (Rinne et al., 19 
1998). Pure tone audiometry in all patients was normal for age. Twelve age-matched 20 
controls (6 males) aged between 42 and 73 (mean age 55, SD=11.1), with no history of 21 
migraine, neurological or audio-vestibular disease were also recruited. All subjects were 22 
right handed as confirmed by the Edinburgh handedness Inventory  (Oldfield, 1971) and had 23 
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normal or corrected normal visual acuity. None of the participants had any contraindications 1 
to TMS and safety screening criteria was fully met (Rossi et al., 2009).  All subjects provided 2 
written, informed consent in accordance with the Declaration of Helsinki and the local ethics 3 
research committee approved the study.  4 
Experimental setup 5 
TMS pulses were employed in order to elicit a visual percept known as phosphenes (illusory 6 
flashes of light) (Meyer et al., 1991).  This is a recognised method of stimulating the cortex 7 
non-invasively to probe visual cortical excitability.  The experiment took place in dim lighting 8 
with eyes open.  Subjects were seated and surrounded by an optokinetic drum with their 9 
eye movements monitored using horizontal electro-oculography to monitor that subjects 10 
were actively looking at the OK drum (Figure 14A).  The head was secured with a chin rest 11 
and head restraint, with foam ear pads covering both ears to minimise noise from the TMS 12 
clicks. All participants were naïve to the purpose of the study and underwent a short, 13 
standardised training session in the dark to familiarise them with phosphene detection 14 
(Gerwig et al., 2003).  Monophasic TMS pulses were applied using a Magstim 200 stimulator 15 
(Magstim Co, UK). A 70 mm butterfly shaped coil was used to stimulate the primary visual 16 
cortex (V1), which was localised using a functional method as previously described 17 
(Kammer, 1999, Walsh and Cowey, 2000). Briefly, the coil was placed centrally with the 18 
handle pointed horizontally over the inion, then moved superiorly in 1 cm steps until a 19 
bright, stationary, midline phosphene was perceived. To confirm the position, subjects were 20 
asked to describe the shape, size and intensity of the phosphene and its location on an 21 
imaginary clock face.  Following localisation, the coil was fixed in place with rigid clamps for 22 
the rest of the experiment.  The visual stimulus consisted of a 1.44 m diameter drum 23 
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marked with black and white vertical stripes at 0.1 cycles/° viewed at a fixed distance of 1 
0.72 m (30o field of view). The drum was either stationary or moved rightwards at 30o/s 2 
acting as an optokinetic stimulus (OKS).  For purposes of this study the drum was only 3 
rotated rightwards as previous studies (Arshad et al., 2014a) had not shown a difference 4 
between direction of rotation.  Subjects viewed the drum through a pair of goggles fixed to 5 
the chair to restrict the field of view and limit vection (these were removed during the 6 
adaptation phase). The subject’s feet were in contact with the ground at all times which, 7 
along with the limited field of view, ensured that they did not experience vection (GJ 8 
Standish, 1990).   9 
 
  
 10 
 11 
 12 
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 1 
 2 
Figure 14: A- Experimental Setup B Experimental protocol 3 
This figure illustrates the 4 phases of the experiment; i) Stationary phase where the 4 
subject is viewing a stationary drum whilst 20 TMS pulses were applied ii) Pre-adaptation 5 
motion phase: rightward OK stimulation at 30 deg/s viewed through binoculars whilst 20 6 
TMS pulses applied  iii) Motion adaptation phase:  subjects viewed full field rightward OKS 7 
for 5 minutes followed by iv) Post adaptation motion : rightward OKS viewed at 30 deg/s 8 
whilst a further 20 TMS pulses were applied. 9 
 10 
 11 
 12 
 13 
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Experimental protocol 1 
 2 
Phosphene thresholds were estimated before the main experiment whilst subjects viewed 3 
the stationary drum. These were established using a modified binary search method (MOBs) 4 
(Tyrrell, & Owens, 1988) with 3 reversals to establish the percentage of maximum TMS 5 
stimulator output at which participants perceived a single, midline, stationary phosphene on 6 
50% of trials  (Deblieck et al., 2008, Kammer, 1999). There was a six second interval 7 
between pulses, and subjects were alerted with a verbal countdown (Guzman-Lopez et al., 8 
2011b, Silvanto and Muggleton, 2008)  and instructed to give an immediate yes/no response 9 
after the pulse.    Thresholds for each individual were fixed for the rest of the experiment.  10 
E.g. Once thresholds were reliably established for each subject the stimulator output was 11 
kept constant for the rest of the experiment.  V1 excitability was then assessed in three 12 
conditions: 1) 20 TMS pulses whilst viewing a stationary optokinetic drum; 2) 20 TMS pulses 13 
whilst viewing rightward OKS (pre-adaptation). This was then followed by a 5 minute period 14 
of viewing rightward OKS (motion adaptation phase) with no TMS stimulation, followed by, 15 
3) 20 TMS pulses whilst viewing rightward OKS (post-adaptation), see Figure 14B. 16 
Data analysis 17 
Results were analysed offline by calculating the probability of phosphene perception. For 18 
example, a subject whose 50% baseline threshold (TMS intensity producing P(λ) = 0.5 at 19 
baseline or 10 out of 20 ‘yes’ responses) increased to P (λ)  = 0.7 (14/20 yes responses) 20 
would reflect a 20% increase in visual cortical excitability.  Statistical analysis was performed 21 
using SPSS 22 (SPSS, Inc., Chicago, IL, USA), results were considered significant at a corrected 22 
p-value of < 0.05. 23 
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Questionnaires 1 
All subjects completed a validated Oscillopsia scale questionnaire (Grunfeld et al., 2000) 2 
which assesses functional status and disability secondary to oscillopsia.  This scale was 3 
designed in order to evaluate the impact of oscillopsia on daily life. (Refer to appendix 1). 4 
The scale was scored using required modification for one patient with multiple orthopaedic 5 
co-morbidities which interfered with the mobility module of the questionnaire; this was 6 
performed blindly by a consultant neurologist involved in the design of the original 7 
oscillopsia questionnaire (AMB).    8 
 9 
Results  10 
Condition 1 - Static 11 
All subjects reported phosphenes as a midline, bright, stationary visual percept. Phosphene  12 
thresholds were an average of 69% maximum stimulator output (MSO) (SD=14.2) in BVF 13 
patients than controls;  i.e. a significantly higher level of stimulator output was required to 14 
elicit perception of phosphenes in 50% of trials, compared to 57 % MSO in age-matched 15 
controls (SD=11.6), independent t-test; p=0.02), see Figure 15.  16 
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Figure 15: Phosphene Thresholds 2 
Condition 2 - Visual motion (pre- adaptation) 3 
A 2x3 mixed analysis of variance (ANOVA) was conducted to examine the variation of 4 
phosphene perception with one within subjects factor (motion condition - three levels: 5 
stationary, pre-adaptation and post-adaptation) and one between subjects factor (group – 6 
control subjects and BVF patients).  The assumption of sphericity, a test of statistical normal 7 
distribution, was met (Mauchly’s test p=0.195, dF=2).  We observed a significant main effect 8 
of group, (F1,12)=8.16, p= 0.009, and condition (F(2,24)= 3.23, p=0.049).  The interaction 9 
between condition*group was also significant (F (2,24) = 4.53, p=0.016. 10 
 11 
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Figure 16: Probability of phosphene perception in BVF patients vs controls in static, pre and post adaptation 2 
 3 
Using planned within-subject contrasts we observed a significant difference between 4 
stationary and pre-adaptation conditions in the interaction between condition and group 5 
(p=0.011). There was no significant difference between pre- and post-adaptation (p=0.22). 6 
Post hoc t-tests were used to explore these effects further. There was no significant 7 
difference between the groups in the stationary condition (patients mean=0.48 SD=0.09; 8 
controls mean=0.52, SD=0.06; p= 0.18) as expected. 9 
The effects of pre-adaptation OKS on phosphene perception were subsequently compared 10 
to the stationary condition. There was a significant difference between the groups in 11 
phosphene perception during pre-adaptation visual motion (patients mean=0.32, SD=0.32; 12 
controls mean=0.61, SD=0.10; p= 0.009). 13 
 58 
 1 
Condition 2 Post motion adaptation  2 
During the optokinetic adaptation phase, all subjects continuously produced good 3 
optokinetic nystagmus. 4 
There was a significant difference between the patient and control groups in phosphene 5 
perception at the post-adaptation stage (patients mean=0.29, SD=0.29; controls mean=0.50, 6 
SD=0.14; p=0.043). 7 
Based on these comparisons the group*condition interaction was driven by the change in 8 
phosphene perception in response to visual motion.   In our patients, however, the lack of a 9 
significant change in phosphene perception was observed following motion adaptation (t-10 
test, p=0.80) (Figure 16) 11 
 12 
Subgroup analysis 13 
On further inspection of the data, we identified a subset of BVF patients whose phosphene 14 
perception, although within the normal range when viewing a stationary stimulus, declined 15 
rapidly with onset of visual motion to nearly complete suppression. We therefore calculated 16 
each participant’s percentage change in phosphene perception (yes/no response) from the 17 
stationary condition to pre-adaptation to assess the distribution of the patient responses. 18 
Six of the patients lay within three standard deviations of the mean of the control group, 19 
whereas in the remaining six patients the percentage reduction in phosphene perception 20 
was lower than this range (see Figure 17). Specifically, we observed that within the first few 21 
TMS pulses, five out of the six outlier patients no longer reported seeing any phosphenes.  22 
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Figure 17: Participant’s % change in phosphene perception from the stationary condition to pre-adaptation 2 
(Standard error bar is shown) 3 
 4 
To confirm this dissociation, we split the BVF group into those patients who continued to 5 
perceive phosphenes and those whose TMS phosphenes disappeared on motion onset (the 6 
motion-induced phosphene blindness or simply the ‘disappearing phosphene’ sub-group) 7 
and we retested two of the latter on separate days to check repeatability of this unusual 8 
phenomenon.  9 
Using the same protocol, the baseline phosphene thresholds recorded were exactly the 10 
same as in the previous visit (Patient 1, 1st session 83%; 2nd session 83%; Patient 2, 1st 11 
session 85%, 2nd session 85%). The two patients again reported seeing phosphenes with a 12 
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stationary background, but with the onset of visual motion phosphene perception 1 
decreased to <5%.  TMS stimulator intensity was increased further up to 10% above 2 
threshold but this did not affect the visualisation of phosphenes.  Strikingly, after the motion 3 
had ceased, these patients could once again perceive phosphenes with a stationary 4 
background.  5 
In order to assess the clinical relevance of our findings we examined whether the patients’ 6 
oscillopsia scores were related to either baseline phosphene thresholds (% stimulator 7 
output needed to obtain 50 % threshold) or the percentage change in phosphene 8 
perception in response to visual motion. As this data was not normally distributed (Shapiro-9 
Wilk, p= 0.015), a Spearman’s Rank test was performed.  There was a significant negative 10 
association between oscillopsia score and phosphene thresholds, whereby the lower the 11 
oscillopsia scores, the greater the phosphene threshold (R=-0.654, p=0.02) (Figure 18). 12 
There was also a significant positive correlation between the percentage change in 13 
phosphene threshold, i.e. better functional status was associated with larger reductions in 14 
phosphene perception (R=0.56, p=0.041). 15 
 16 
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Figure 18: Correlation between V1 phosphene thersholds and oscillopsia scale scores.  2 
 3 
This figure illustrates Illustrates the correlation between V1 phosphene thersholds 4 
(primary visual cortex excitability) and oscillopsia scale scores.  A significant moderate 5 
negative correlation (p=0.02) is observed between phosphene thresholds ( marker of V1 6 
excitability) and oscillopsia functional scores.  Encircled is the group with ‘disappearing 7 
phosphenes’; high phosphene threshold (reduced visual cortical excitability) and reduced 8 
oscillopsia scores. 9 
 10 
 11 
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Discussion 3 
Here I investigated whether changes in primary visual cortex excitability occur in patients 4 
with acquired bilateral vestibular failure; a concept which has not previously been directly 5 
explored.  We demonstrate that patients with BVF have a less excitable visual cortex at 6 
baseline compared to age matched controls, suggesting that long term compensatory 7 
processes may play a part in adaptivity at the cortical level.  Incidentally, in a subset of 8 
patients, we observed that the onset of motion led to significant and almost complete 9 
suppression of phosphene perception implying that the activity of primary visual cortex may 10 
possibly be modulated through inhibitory feedback mechanisms engaged in response to 11 
visual motion.  We also report evidence of a strong association between this reduced 12 
cortical excitability and functional improvement.  13 
 14 
Visual motion 15 
 16 
Excitability changes in response to TMS are thought to be attributed to baseline excitability 17 
of neurons in the particular region being stimulated; known as state dependent effects of 18 
TMS (Cattaneo and Silvanto, 2008, Silvanto et al., 2008, Silvanto and Muggleton, 2008, 19 
Silvanto et al., 2007).  In thisstudy, with the initial onset of visual motion, a significant 20 
decrease in phosphene perception was observed in BVF patients, in contrast to healthy 21 
controls and consistent with previous reports  (Arshad et al., 2014a, Guzman-Lopez et al., 22 
2011b).  This suggests that V1 neurons in patients may possibly have a reduced baseline 23 
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excitability state, and with motion onset are inhibited further leading to greater suppression 1 
of visual cortical excitability. 2 
Further evaluation of the patient data revealed a subset that exhibited two unique 3 
characteristics.  Firstly, they had significantly reduced static baseline V1 cortical excitability.  4 
Secondly, during the motion conditions, this patient group could no longer perceive 5 
phosphenes.  However, after motion had ceased, the patients were again able to perceive 6 
phosphenes with a stationary background. This suggests a two stage adaptive process may 7 
be involved with an overall reduction in visual cortex excitability, and a reactive mechanism 8 
whereby visual motion detection induces a further functional suppression. It appears the 9 
effect was not related to the etiology of the vestibular loss, the disease onset or duration of 10 
the condition in these patients as there was no consistent clustering of symptoms in the 11 
patient groups (See table below) 12 
Demographic data of BVF patient subsets 13 
 14 
 
Disappearing Phosphenes 
N=6 
Persisting phosphenes 
N=6 
Mean Age 58 64 
Sex 80 % M, 20% F 50% M, 50 % F 
Etiology 
50 % Idiopathic, 50% 
autoimmune 
100 % Idiopathic 
Onset of condition (yrs) 50 (SD: 16.3) 57.5 (SD:7.5) 
Duration of condition (yrs) 5.83 (SD: 3.86) 4.33 (SD :2.94) 
Vestibular rehabilitation 100% 100% 
 15 
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 1 
Although it is conceivable that these effects could be secondary to experimental artefact, 2 
the TMS pulses were delivered with the TMS coil locked in the same location and the head 3 
secured with chin rest and restraint, therefore these effects are unlikely to be due to any 4 
technical error. Further, the patients reported an intensely bright phosphenes  during the 5 
stationary condition, consistent with established methods of V1 stimulation (Silvanto and 6 
Muggleton, 2008). Moreover, this suppression of phosphenes or ‘disappearing phosphene 7 
phenomenon’ and the baseline phosphene thresholds both were significantly correlated 8 
with clinical behavioural status (oscillopsia symptom questionnaire) in support of this 9 
observation (Figure 18). This again implies a functional adaptation of visual cortex, 10 
potentially revealing a subgroup of BVF patients.  11 
It could be argued that this motion-induced decrease in phosphene perception in patients 12 
may be attentional in nature as area V1 is known to be susceptible to attentional 13 
modulation (Verghese et al., 2014).  However, our control group demonstrated facilitation 14 
of phosphene perception during motion, deeming attentional factors less likely and are also 15 
in keeping with previous reports in normal subjects (Arshad et al., 2014a, Guzman-Lopez et 16 
al., 2011b). 17 
Effects of adaptation  18 
Studies investigating the effects of visual motion adaptation (Arshad et al., 2014a, Guzman-19 
Lopez et al., 2011b) have previously observed the suppression of phosphene perception 20 
following adaptation.  Unidirectional motion in the direction of adaptation to long term 21 
optokinetic exposure decreased phosphene perception (Arshad et al., 2014a) and this 22 
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suppression post adaptation, with a similar paradigm, was observed in our control group as 1 
well (t-test, p=0.01), Figure 16.    2 
In our patients, however, the lack of a significant change in phosphene perception following 3 
motion adaptation (t-test, p=0.80) (Figure 14) also supports the view that patients have 4 
presumably already centrally adapted to motion, as a result of the continuous exposure to 5 
retinal image motion associated with an absent VOR.  This would explain the presence of a 6 
possible ‘ceiling’ effect in BVF patients ie a saturation point whereby further TMS does not 7 
lead to changes in phosphene perception.  8 
One of the potential limitations of this study may be the small sample size however it is 9 
important to note that BVF is a rare condition and previous studies have reported a small 10 
number of patients (Cutfield et al., 2014, Kalla et al., 2011), and electrophysiological studies 11 
have reported similar numbers (Dieterich et al., 1999).  Moreover, some patients in our 12 
study had to be excluded because of contraindications to TMS or risk of potentially 13 
confounding results e.g. cerebellar ataxia, or siderosis.   14 
 15 
 16 
 17 
Visual-vestibular interaction 18 
Since vestibular and visual cortices are thought to be associated via reciprocal inhibitory 19 
mechanisms (Bense et al., 2004, Brandt et al., 1998), our paradigm offered a way to probe 20 
the influence of the vestibular system on visual cortical excitability. Previous studies have 21 
demonstrated a functional connectivity network between V1 and V5  (Pascual-Leone and 22 
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Walsh, 2001, Silvanto et al., 2005b) and evidence from human and primate work suggests 1 
that V1 and V5 share a reciprocal relationship; whereby V1 is the “low level” entry for visual 2 
input and feed forward projections to humanV5/MT; the motion processing centre, which 3 
feeds back to V1 (Ajina et al., 2015, Rockland and Knutson, 2000). We propose that, in the 4 
absence of vestibular function, the V5 /MT area may possibly excessively inhibit V1 to try to 5 
downregulate the visual motion (oscillopsia) which in turn reduces excitability.   6 
Previous studies support the concept of a “visual” or “sensory – proprioceptive” substitution 7 
as a mechanism of cortical adaptation in BVF.  Specifically, a study,  (Dieterich et al., 2007)  8 
found increased activations of V1 and human V5/MT with optokinetic visual motion stimuli 9 
and deactivations of the insular areas (vestibular cortex) in fMRI studies in BVF patients 10 
compared to controls.  Cutfield et al (Cutfield et al., 2014) reported a cortical visuo-11 
proprioceptive interaction in fMRI in BVF patients compared to controls.   12 
This data builds on these findings and provides the first direct neurophysiological evidence 13 
of reduced primary visual cortical excitability in BVF patients.  Furthermore, patients who 14 
were better adapted to their condition (lower oscillopsia scores) exhibited raised phosphene 15 
thresholds (ie reduced cortical excitability) and showed a greater percentage change in 16 
phosphene perception from stationary to pre-adaptation condition.  They were 17 
characterised by a novel “disappearing phosphene” phenomenon indicating mechanisms of 18 
cortical plasticity at play.   19 
BVF is a condition which is currently managed by investigating and treating the underlying 20 
cause combined with customised vestibular exercises (Cawthorne, 1946). Only a small 21 
proportion of patients, however, benefit from vestibular rehabilitation (Brown et al., 2001) 22 
with limited recovery, (Gillespie and Minor, 1999) hence alternative therapies are 23 
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increasingly sought.   Therefore, we suggest that patients with visual symptoms may benefit 1 
from modified visual adaptation therapy to further reduce visual cortical excitability.  We 2 
also pose the question whether TMS or tDCS could in fact help accelerate adaptation 3 
processes and potentially be used to treat BVF.   Previously, repetitive TMS has been used as 4 
a potential, yet cautious, treatment for certain neurological conditions (Ridding and 5 
Rothwell, 2007).  Our paradigm may also translate across to investigate other disorders of 6 
visual vestibular interaction for example visual vertigo.  7 
This study provides insight into the cortical mechanisms of recovery through potential brain 8 
plasticity.   Future studies may wish to explore whether non-invasive cortical stimulation 9 
could potentially be used as a treatment for vestibular disorders to modulate cortical 10 
excitability by accelerating adaptation processes and potentially reducing oscillopsia; which 11 
remains a significant problem. 12 
 13 
 14 
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 16 
 17 
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Chapter 4: Are white matter abnormalities associated with 1 
“unexplained” dizziness? 2 
Introduction 3 
Cerebral white matter disease (WMD) and its role in cognitive decline, falls and stroke 4 
(Pantoni and Garcia, 1995, Prins et al., 2005), has generated immense interest over the 5 
years. Although it is known that WMD is associated with gait and posture abnormalities, a 6 
link between white matter abnormalities and dizziness has not been established yet. 7 
The diagnosis in older dizzy patients is challenging as there are often multifactorial causes 8 
(Kroenke et al., 1992) and a large proportion of patients remain undiagnosed. Patients often 9 
report non-specific dizziness, vague unsteadiness, disequilibrium or even light headedness. 10 
With WMD currently impacting 80% of the elderly population(Longstreth et al., 1996) and 11 
dizziness affecting approximately 30% of the population over 65 years of age(Dros et al., 12 
2011), the significance of research in this area cannot be underestimated. A previous study 13 
by Day et al. (Day et al., 1990) at the advent of routine MRI, recruited dizzy patients but did 14 
not find an appreciable difference between imaging of dizzy and non-dizzy patients. 15 
However, the numbers were small and the technique was new. Influential studies by. 16 
(Colledge et al., 2002, Colledge et al., 1996) concluded there were no differences in imaging 17 
between dizzy and non-dizzy subjects although increased midbrain white matter (WM) 18 
lesions were noted.  A recent study, however, indicates that the presence of WM lesions is 19 
an independent predictor of residual dizziness in patients with previous vestibular neuritis  20 
(Adamec et al., 2014).    21 
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Hence, in order to investigate and assess whether WMD may directly contribute to 1 
dizziness, a retrospective cohort study was conducted with the null hypothesis being that  2 
white matter disease  is not associated with unexplained dizziness.     3 
Methods 4 
Patients were included if they were aged between 45 and 90 years and were referred with 5 
dizziness to tertiary referral neuro-otology centres in London and Pisa. These are national 6 
centres of expertise in the diagnosis, investigation and management of dizziness and 7 
imbalance and are typically referred a combination of general and complex dizzy patients. 8 
“Dizzy” symptoms included true rotational vertigo, light-headedness, giddiness and a sense 9 
of non-specific unsteadiness. Patients with no dizziness, psychogenic or functional dizziness, 10 
no imaging available or CT scan only (n= 3) and age N 90 were excluded (n = 17). In total, 11 
122 patients (59 males) aged 45–90 were recruited. Patients were referred from general 12 
practitioners, neurologists and ear nose and throat specialists from December 2010–2014. 13 
All patients (81 in London and 41 in Pisa) had been seen and examined by experienced 14 
neuro-otologists. For this study, all case notes from both centres were reviewed by an 15 
otologist, Dr. Cerciai (blinded to the imaging findings) and patients were divided into two 16 
groups based on history, clinical examination findings and laboratory results. Group 1 17 
consisted of patients with ‘explained’ causes of dizziness. These included benign positional 18 
paroxysmal vertigo (BPPV — history of brief, positional, rotational vertigo with positive Dix–19 
Hallpike manoeuvre), vestibular neuritis (history of acute prolonged rotational vertigo, 20 
associated with nausea, vomiting and imbalance with spontaneous, horizontal, 21 
unidirectional, nystagmus, with torsional component, unilaterally positive head impulse test 22 
and no other neurological abnormality. Tests show unilateral reduction of nystagmic 23 
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response on calorics i.e. >25% canal paresis on video nystagmography and normal 1 
audiometry). Also included were vestibular migraine (history of at least five episodes of 2 
vestibular symptoms (vertigo/head motion induced dizziness) with temporally associated 3 
migrainous headaches lasting from minutes up to 72 h), Meniere's disease (combination of 4 
vertigo, cochlear symptoms and low frequency sensorineural hearing loss), bilateral 5 
vestibular hypofunction  (bilateral absence of nystagmic response; <10 °/s slow phase 6 
velocity on calorics/rotational chair testing) orthostatic hypotension (decrease in systolic 7 
blood pressure of 20mmHg or diastolic 10mmHg from lying to immediately on standing and 8 
after 3 min) stroke, cerebellar ataxias, Parkinson's disease, hydrocephalus and temporal 9 
bone fracture. Group 2 included patients with ‘unexplained’ dizziness, i.e. no recognised 10 
diagnosis which could account for the dizziness.  11 
Patients with a past history of BPPV which had been treated and not symptomatic was 12 
included in the unexplained group as there is no evidence to suggest that it can lead to 13 
chronic dizziness. 14 
For all patients both main and secondary diagnoses are listed in Table 1. 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
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Table 1 1 
Demographics and diagnoses of unexplained and explained dizziness groups. Values 2 
represent numbers of patients with percentage in parentheses. 3 
Demographics 
Group 1 
N (%) 
 
 Group 2 
N (%) 
 
 
 
 
Unexplained 
58 (48) 
  
Explained 
64 (52) 
Age (years) 
Range: 55–90 
(Mean: 72, SD = 7.95) 
 Range: 45–90 
(Mean: 72, SD = 8.28) 
Male 28 (48)  31 (48) 
Female 30 (52)  33 (51) 
  
Diagnosis  
BPPV –  20 (31) 
Vestibular neuritis –  17 (26) 
Vestibular migraine –  10 (15) 
Orthostatic hypotension –  6 (9) 
Cerebellar ataxia –  6 (9) 
Meniere’s disease –  5 (7) 
Bilateral vestibular failure –  4 (6) 
Stroke –  2 (3) 
  
Other  
Extrapyramidal syndrome, hydrocephalus, temporal fracture –  3 (4) 
  
 Past history/secondary diagnoses 
Migraine 7 (11)  2 (3) 
BPPV 5 (8)  5 (7) 
Orthostatic hypotension 2 (3)  2 (3) 
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aMore diagnoses than patients are listed in the explained group due to a proportion of 1 
patients with multiple diagnoses. 2 
 3 
Type of dizziness and vascular risk factors (heart disease, hypertension, diabetes, 4 
hypercholesterolemia, obesity, smoking and previous stroke) were also noted. Full neuro-5 
otological examination included eye movements (spontaneous, gaze evoked and positional 6 
nystagmus, pursuit, saccades, Dolls head, head-impulse test), cerebellar and sensory 7 
examination.  Specific attention was paid to the examination of gait and posture. 8 
Abnormalities of gait (eg. broad based/ataxic/apraxic) were recorded. Tandem gait was 9 
considered abnormal if patients were unable to perform the ‘heel to toe’ walk or if 10 
consistent stepping errors were present. Romberg's test was classified as negative, 11 
excessive sway or fall. Postural responses to push/pull of the upper trunk were rated as 12 
abnormal if subjects would fall if not supported or exhibited retropulsion/propulsion if 13 
corrective steps were absent or multiple steps were needed to maintain posture. All 14 
patients underwent laboratory tests including audiometry, bithermal calorics or rotation 15 
chair electronystagmography. All patients were also specifically asked about postural 16 
symptoms (dizziness caused by upright posture relieved by sitting or lying position). If 17 
present, postural blood pressure (supine, immediately on standing and after 3 min) was 18 
measured. Brain imaging (3 Tesla MRI) was reviewed by a neurologist (Dr.Ahmad) blinded to 19 
the clinical details. 20 
 21 
White matter hyperintensities  on 122 MRI T2-weighted and fluid-attenuated inversion-22 
recovery (FLAIR) sequences were rated by neurologist (myself) blinded to the clinical details, 23 
according to the Fazekas scale  (Fazekas et al., 1987). This is a scale grading WM lesion 24 
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burden according to severity (0: none or a single punctate lesion; 1: multiple punctate 1 
lesions; 2: early confluency of lesions; 3: large confluent lesions) Fig.19. (Of note, in all cases, 2 
the blind assessment was found to be in agreement with the independent neuro-radiologist 3 
report rating the white matter lesion load as mild, moderate or severe). 4 
Age related changes in white matter: three severity grades according to modified Fazekas 5 
scale.  6 
 7 
 8 
 9 
 10 
Figure 19: Illustration of the modified Fazekas scale 11 
Age related changes in white matter: three severity grades according to modified Fazekas 12 
scale. Domenico Inzitari et al. BMJ 2009;339:bmj.b2477 13 
 14 
Primary outcome was the degree of white matter hyperintensities in the two groups. A 15 
Pearson's 2 × 3 chi-squared test was performed to analyse the difference in Fazekas scales 16 
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between the groups. As a secondary analysis, the presence or absence of rotational vertigo 1 
and gait and posture abnormalities were analysed using a 2 × 2 chi-squared test. The degree 2 
of total (aggregate) vascular risk factors between groups was compared with a chi-squared 3 
test. Binary logistic regression was used to evaluate the significant predictors of unexplained 4 
dizziness. Statistical analysis was performed using SPSS 22 (SPSS, Inc.; Chicago, USA) with 5 
significance set at p < 0.05. 6 
Results 7 
There were 64 patients (mean age 72.01 years, SD = 8.28), in the “explained” group and 58 8 
patients (mean 72 years, SD = 7.95) in the “unexplained” group. Fig. 20 summarises the 9 
Fazekas scores in the two groups. A significant difference was observed between the overall 10 
Fazekas scores in explained and unexplained dizzy groups (χ2 = 8.87, df=2, p=0.011). The 11 
frequency of severe lesions (Fazekas 3) was significantly greater in the unexplained group 12 
(22%) than in the explained group (5%); (χ28.39, df = 1, p = 0.003). The presence of true 13 
rotational vertigo was significantly more frequent in the explained than in the unexplained 14 
group (χ2 = 9.60, df= 1, p = 0.003) (Fig 21). 15 
Gait and posture abnormalities, (errors in tandem walk, gait dyspraxia, abnormal postural 16 
responses), were more frequent in the unexplained group (45%) as compared to the 17 
explained group (25%), (χ2 = 5.30, df = 1, p = 0.021) (Fig.22). The total (aggregate) vascular 18 
risk factors were 65% in the unexplained group and 34% in the explained group (χ2 = 7.57, 19 
df = 1,p=0.005) (Fig. 23). However, Fazekas score was found to be the only significant 20 
predictor of unexplained dizziness (binary logistic regression; p =0.023). In particular, 21 
vascular risk factors were not found to be significant predictors of unexplained dizziness (p 22 
>0.05). 23 
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Figure 20: Severity of WMD  on MRI (Fazekas scores) 4 
Expressed as % of patients with “explained” and “unexplained” causes of dizziness. 5 
 6 
Discussion 7 
To our knowledge this is the first study to evaluate patients in specialist clinics to assess  8 
whether WMD is associated with unexplained dizziness. The relationship observed between 9 
increased severity (Fazekas 3) of WMH in our “unexplained” group suggests these 10 
abnormalities are likely contributory to the development of the dizziness. This is supported 11 
by the recent finding of WMD being a predictor of chronic dizziness in patients with 12 
previous vestibular neuritis (Adamec et al., 2014). 13 
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 1 
It could be argued, however, that perhaps age or vascular risk factors were contributory to 2 
the unexplained dizziness. It should be noted though that our two groups were age-3 
matched hence increased vascular risk factors cannot be solely attributed to age related 4 
changes. Also, despite increased frequency of ‘central’ pathology (eg. ataxias) observed in 5 
the ‘explained’ group the vascular risk factors were lower than in the unexplained group. 6 
Furthermore, the regression analysis indicates that the only predictor of unexplained 7 
dizziness was Fazekas score but not vascular risk factors. In support of this, a recent 8 
prospective cohort study (Wardlaw et al., 2014) of community dwellers found that vascular 9 
risk factors combined could only explain 2% of variance in WMD suggesting a non-vascular 10 
aetiology for development of WMD, more so than previously considered. It was also 11 
observed that the frequency of “true” rotational vertigo was significantly lower in the 12 
unexplained dizziness group with respect to the explained group, as expected from the 13 
frequent peripheral vestibular diagnoses in the latter group. However, recent studies 14 
suggest that the type (quality) of dizziness may contribute little to diagnosis (Newman-Toker 15 
et al., 2007, Stanton et al., 2007). These features, however, will have to be confirmed in 16 
future prospective studies. It is important to highlight that we do not advocate the diagnosis 17 
of dizziness likely due to WMD on the basis of imaging findings alone, given that the 18 
presence of common and treatable causes of dizziness in this age group is high. In our 19 
sample, 26% of patients in the ‘explained’ group had moderate–severe (Fazekas 2–3) WMH 20 
and yet the main cause of the dizziness was BPPV, easily treated with a simple and 21 
inexpensive re-positioning procedure such as Epley or Semont manoeuvres.  22 
 23 
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We understand the limitations of this retrospective analysis, one of which is the accuracy of 1 
original recorded data. Patients, however, were seen by experienced neuro-otologists who 2 
performed a structured assessment minimising variability in record keeping.  We also 3 
recognise that future studies are necessary for a normal control group to be prospectively 4 
assessed but in our study the explained dizzy group acted as a valid retrospective control 5 
group. Furthermore, quantifying WM lesions would be a more objective way of evaluating 6 
lesion burden and, perhaps more importantly, localization.  Whilst this may form the basis 7 
of future work in this area, the Fazekas scale remains a validated tool in grading WM lesions 8 
(Fazekas et al., 1993, Gouw et al., 2008). 9 
 10 
A previous, well conducted, prospective study (Colledge et al., 2002) showed no major MRI 11 
differences between dizzy and non-dizzy subjects. It is, however, important to consider that 12 
firstly their subjects were recruited from the community and were not necessarily patients. 13 
Secondly, the imaging techniques were older, from the early 90's, and the association of 14 
WMH with objective balance dysfunction was not established then as it is now (Pantoni, 15 
2010, Schmahmann and Pandya, 2008). Our patients were recruited from tertiary neuro-16 
otology clinics and are likely to have more relevant symptoms of dizziness hence explaining 17 
why structural abnormalities may not have been as prevalent in their study. The intensity of 18 
the dizziness, however, was not quantified with questionnaires in ours or previous studies 19 
and, again, this will have to be undertaken in future prospective studies. 20 
 21 
 22 
 23 
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 2 
Conclusion 3 
The severity of white matter small vessel disease is higher in elderly patients with no specific 4 
cause for their dizziness (“unexplained” dizziness).  It is postulated that white matter lesions 5 
may induce dizziness either because patients perceive a degree of objective unsteadiness or 6 
by a cortical–subcortical disconnection syndrome, secondary to disruption of white matter 7 
tracts involved in gait and balance control (Pantoni, 2010, Schmahmann and Pandya, 2008). 8 
Contrary to previous studies, our findings suggest that elderly patients with dizziness, 9 
without a clear diagnosis and despite clinical and vestibular assessment, should undergo 10 
brain imaging to assess the level of WMD. Currently treatment involves preventive 11 
measures including control of vascular co-morbidities (Wardlaw et al., 2014). Customised 12 
retraining through a combination of rehabilitation and possibly neuro-modulation of cortical 13 
pathways may form part of future potential treatment options for this subgroup of dizzy 14 
patients (Kaski et al., 2013). 15 
 16 
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 1 
Figure 21: Percentage of rotational vertigo  2 
 3 
 4 
Figure 22:  Gait and Posture Impairment 5 
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Figure 23: Aggregate Vascular Risk Factors  3 
 4 
Additional Pilot Work 5 
White matter provides the structural framework of diffuse neural networks to enable 6 
efficient connectivity in the brain.   Ischaemic strokes are not restricted to grey matter and 7 
cause white matter damage too by affecting the small vessels (Pantoni 1996), hence known 8 
widely as small vessel disease, and emphasising the concept that grey and white matter 9 
areas are not as disparate as historically believed to be the case.   10 
 11 
Although validated visual scales were employed in the main retrospective analysis 12 
presented here; the logical extension of this study was to pose the question as to where 13 
these lesions anatomically prevail in the patients with ‘unexplained dizziness’ and which 14 
pathways may hypothetically be involved.  Therefore, a pilot study was conducted on 40 15 
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patients (20 from unexplained and 20 from explained group) randomly from the main study 1 
(selected by another neurologist) and analysed blindly by two clinicians.  2 
This analysis was performed to allow for quantitative assessment of lesion area and volume 3 
computation of WMH.    4 
The images were converted from the picture archiving and communication system (PACS) 5 
into Digital Imaging and Communications in Medicine (DICOM) files and loaded as multi slice 6 
images.   The DICOM format images were converted to Neuroimaging Informatics 7 
Technology Initiative files (NIFTI).   Macintosh computer and Osirix –DICOM viewer software 8 
was used along with Jim Software Version 7 (Xinapse sytems Ltd)  to delineate Regions of 9 
Interest (ROIs) which in this study was white matter lesions (WML).  Lesions were drawn 10 
using in a semi – automated manner on T2 and FLAIR sequences and ‘masks’ created to 11 
leave only the region of interest. 12 
   13 
For structural analysis, FMRIB’s Software Library (FSL), which incorporates image analysis 14 
and statistical tools, was used.  This was used for registration and skull stripping (brain 15 
extraction tool) to remove non- brain parts of the image.  For further details refer to 16 
www.fmrib.ox.ac.uk/fsl.   Preliminary data suggested cluster volumes were not significantly 17 
different however the unexplained dizziness group appeared to exhibit more extensive 18 
subcortical and periventricular white matter disease (Fig.25,26) 19 
Limitations of this work include reliability and accuracy of lesion delineation which is 20 
experience dependent.  Two raters (after a training session) blindly assessed and classified 21 
white matter hyperintensities exclusively as white matter lesions for the purposes of this 22 
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work, according to Figure 22 with 20 % of the scans checked by Dr. Adam Waldman, an 1 
experienced neuro-radiologist (a reliable estimate used in previous studies) however inter-2 
rater variability would need to be determined.   3 
 Recent 
subcortical 
infarct 
White matter 
hyperintensity 
Lacune Perivascular 
space 
Cerebral 
microbleed 
 
 
Actual Lesion  
 
 
 
Schematic Drawing  
 4 
 5 
Figure 24: MRI findings for lesions related to small vessel disease 6 
Modified Wardlaw et al, Lancet Neurol, 2013. 7 
Example  lesions  (upper panels) of and schematic representation (lower panels) of MRI 8 
features of small vessel disease.  Highlighted are the type of lesions evaluated in the 9 
current study. 10 
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 1 
Figure 25:  White matter lesion quantitative analysis – axial view 2 
 3 
Figure 26: White matter lesion quantitative analysis – 3 views 4 
 84 
Chapter 5 Discussion 1 
The general aim of this thesis was to probe cortical (Chapters 2 and 3) and subcortical 2 
(Chapter 4) influences on balance and spatial orientation.  In the first study, non-invasive 3 
cortical stimulation was applied to modulate the VOR to analyse the underlying 4 
mechanisms.  These findings (Chapter 1) suggest that application of tDCS over the parietal 5 
cortical areas is likely to be modulating the VOR not through pursuit or VOR suppression 6 
mechanisms but directly via a descending cortical pathway, separate from pursuit and 7 
suppression. (Buttner and Lang, 1979, Ventre-Dominey, 2014) 8 
The question for this study originated from previous work where bilateral reductions in VOR 9 
were observed following biparietal tDCS (Cousins et al., 2014) and an asymmetrical 10 
modulation of the VOR with cathodal tDCS over left posterior parietal cortex. (Cousins et al., 11 
2014).  Indeed, the findings in this study support this previous work and provide a potential 12 
route to modify the VOR.  This could potentially be clinically useful in conditions where 13 
there is an asymmetry in VOR function, for example in unilateral vestibular disorders or 14 
even cortical (parietal) lesions.  Moreover, it could potentially be trialled as a therapeutic 15 
adjunct therapy but warrants further studies in the form of randomised controlled long 16 
term trials of tDCS assisted rehabilitation for peripheral vestibular disorders. 17 
The second study (Chapter 3) probed cortical excitability in patients with a specific bilateral 18 
deficit of VOR using perceptual measures (phosphenes).   The question here, was whether 19 
previously studied changes in visual motion processing correspond to cortical changes and 20 
correlate with functional improvement.   21 
 85 
Findings from this study demonstrated that BVF patients have a less excitable visual cortex 1 
at baseline compared to age matched controls, suggesting that long term compensatory 2 
processes may play a part in adaptivity at the cortical level.  Quite serendipitously, in a 3 
subset of patients, we observed a difference in function characterised by “disappearing 4 
phosphenes” whereby the onset of motion led to significant, and almost complete 5 
suppression of phosphene perception.  This potentially implies that the activity of the 6 
primary visual cortex (V1) may be modulated through inhibitory feedback mechanisms 7 
which are engaged in response to visual motion e.g. area V5 (motion area).  Evidence of a 8 
strong association between this reduced cortical excitability and functional improvement 9 
was also found. 10 
Certainly the serendipitous finding of a subgroup is not wholly surprising as there is natural 11 
variability in clinical outcome which can be related to a wide range of factors.  In considering 12 
which features distinguished this subgroup, we evaluated the possible causes for their 13 
improvement – i.e. based on etiology, age or based on differences in motion processing 14 
however, none of these factors yielded any significant differences to explain this interesting 15 
divide.   The finding that they had suppressed their visual cortex to an extent where 16 
phosphenes were not perceived “disappearing phsophenes” emphasises the perceptual 17 
changes which have developed in this sub-group.   These patients showed a clear reduction 18 
in oscillopsia and better functional status which further strengthens this argument.   19 
Patients with BVF are by definition more dependent on visual information, and various kinds 20 
of ‘sensory substitution’ appear to compensate for their deficit. It is known that the 21 
deficient VOR drives their oscillopsia (Kalla et al., 2011) and improvement is mediated by 22 
changes in visual motion processing.   It is also known that cortical and subcortical ‘central 23 
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compensation’ strategies exist after vestibular neuritis as evidenced by PET studies, (Bense 1 
et al., 2004), where decreased activation bilaterally in the PIVC area compared to controls 2 
has been observed.  Resting state fMRI connectivity studies in BVF patients revealed 3 
increased connectivity in the supramarginal gyrus area correlating with symptoms 4 
suggesting plasticity.  In a similar way, structural differences in these patients and indeed in 5 
the “disappearing phosphene” subgroup may correlate with function.  Furthermore, if there 6 
is no vestibular input then the question arises as to what possibly is driving this visual 7 
cortical suppression.  An alternative theory would relate this to V5 area with its reciprocal 8 
feedback pathways.  A further small study in controls was performed (see Appendix 2) to 9 
further assess V1 and V5 area and the differential effects of motion.  Direction for future 10 
studies would potentially involve targeting V5 area using TMS in patients with vestibular 11 
disorders including BVF patients to further evaluate this theory.   12 
 Non-invasive stimulation has been propagated to extend the understanding of neural 13 
mechanisms at play in modulating physiological processes and adaptation to dysfunctional 14 
states.   The next step may be to clinically apply these findings and utilise transcranial 15 
cortical devices as therapeutic adjuncts or indeed individualised treatments.   16 
The human brain exhibits remarkable potential for remodelling and plasticity of central 17 
neural networks including vestibular (Helmchen et al., 2009).   Lesion studies involving 18 
parietal (insular) infarcts (Dieterich and Brandt, 2015) provide insight into effects of 19 
disruption of central vestibular connections and their eventual recovery.  The question 20 
arises whether this is indeed plasticity at a basic cellular level in cortex induced by retinal 21 
image slippage or is it generation of new networks (Gittis and du Lac, 2006).  Certainly from 22 
our findings there may be a role for accelerating these cortical changes and adaptivity (or 23 
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plasticity) as in previous studies (Bavalier, 2010) and perhaps even predicting which patients 1 
would benefit therefore using it as a biomarker of their recovery.   2 
 3 
In the third study (Chapter 4) a clinico-pathological view supported by imaging findings was 4 
employed to assess non-specific perception of dizziness in patients with an inexplicable 5 
cause of dizziness; a common, practical problem in the clinical setting.  This was the first 6 
study to evaluate patients in a specialist clinic to assess whether WMD is associated with 7 
“unexplained” dizziness.   The key findings here demonstrated an increased severity 8 
(Fazekas 3) of WMD in our “unexplained” group indicating these abnormalities may be 9 
contributory to the development of the dizziness.   This main finding was in direct contrast 10 
to previous studies (Colledge et al., 2002) and concludes that in fact MRI brain imaging is 11 
advised in patients when the cause of dizziness remains unexplained despite thorough 12 
examination and tests.   13 
Remarkably, vascular risk factors were not predictive of unexplained dizziness contrary to 14 
popular belief and previous studies.  Although it was expected that the trend for increased 15 
prevalence of vascular risk factors in the unexplained group would lend support to the 16 
imaging findings, as the only significant predictive factor for “unexplained dizziness” was the 17 
Fazekas rating scale. 18 
Certainly this retrospective study has its inherent limitations in that there was no healthy 19 
control group, it relied on accurate record keeping and questionnaires to assess subjective 20 
dizzy symptoms were not performed.  It does however set the foundations for a larger 21 
prospective study which would incorporate these factors along with a quantitative 22 
assessment of WML.   23 
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Currently treatment only involves control of vascular risk factors (eg,hypertension, diabetes, 1 
cholesterol) whilst new pharmacological treatments are being currently trialled.  2 
By developing an understanding of the specific anatomical areas involved it may be possible 3 
to correlate this with our hypothesis regarding disruption of white matter tracts    A possible 4 
clinical application may be to use the location and area of WMH as biomarkers of disease 5 
and it may also translate across to therapeutic use of neuromodulation for targeted 6 
rehabilitation.  7 
 8 
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Appendix 1: Balance Disorder Checklist  18 
(Grunfeld et al., 2000) 19 
Balance problems can produce a range of symptoms as well as having various effects on a 20 
person’s life. This questionnaire is aimed at addressing YOUR balance difficulties. Please 21 
read the questions carefully and remember that there are no right or wrong answers—we 22 
are interested in your personal experiences.  23 
SECTION A: SYMPTOMS  24 
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Please think of your symptoms since the start of your illness and state (by circling the 1 
appropriate letter) whether you have experienced any of the following:  2 
Never A  3 
At the beginning but not anymore B 4 
I occasionally have this symptom C 5 
I frequently experience this symptom D 6 
I continuously experience this symptom E 7 
1. A feeling that your surroundings are spinning or moving around A B C D E  8 
2. An appearance of the world wobbling, jumping or blurring in some way A B C D E  9 
3. Pains in lower part of back A B C D E  10 
4. Nausea A B C D E  11 
5. Vomiting A B C D E  12 
6. A feeling that you are spinning around A B C D E  13 
7. Pains in heart or chest region A B C D E  14 
8. Unsteadiness that may cause you to fall A B C D E  15 
9. Heavy feeling in arms or legs A B C D E  16 
10. Light-headedness A B C D E  17 
11. Tension or soreness in muscles A B C D E  18 
12a. The appearance of the world:  19 
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moving up and down A B C D E 1 
moving side to side A B C D E 2 
swaying or tilting A B C D E 3 
moving in and out A B C D E 4 
If you do not experience this movement pass to question 13  5 
13. ONLY ANSWER THIS QUESTION IF YOU HAVE EVER HAD A SENSATION OF SPINNING. IF 6 
NOT PASS TO QUESTION 14  7 
If you have ever had spinning attacks then please think back to when you first had these 8 
attacks and state whether you became aware of having a spinning sensation gradually, over 9 
a period of time, or was it a sudden occurrence (i.e. you can remember the occasion when it 10 
first happened)?  11 
GRADUAL SUDDEN  12 
Please answer either section (a) or section (b) below:  13 
(a) If the spinning attacks were of gradual onset please could you give an indication of the 14 
period of time over which you  15 
became aware of it:  16 
(b) If the spinning attacks were of sudden onset please could you give the approximate date 17 
of when you first noticed it:  18 
Now please think of whether there have been any changes in the spinning sensation since 19 
you first noticed it:  20 
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Do you think that these attacks occur less often, more often or about the same?  1 
LESS MORE SAME  2 
When the attacks occur are they less severe, more severe or about the same?  3 
LESS MORE SAME  4 
14. ONLY ANSWER THIS QUESTION IF YOU HAVE EVER HAD A WOBBLING, JUMPING OR 5 
BLURRING OF  6 
VISION. IF NOT PASS TO QUESTION 15  7 
If you have ever noticed a wobbling, jumping or blurring then please indicate if you became 8 
aware of this gradually, over a  9 
period of time, or was it a sudden occurrence?  10 
GRADUAL SUDDEN  11 
Please answer either section (a) or section (b) below:  12 
(a) If the wobbling, jumping or blurring was of gradual onset please could you give an 13 
indication of the period of time over  14 
which you became aware of it:  15 
(b) If the wobbling, jumping or blurring was of sudden onset please could you give the 16 
approximate date of when you first noticed it:  17 
Adaptation and oscillopsia  18 
Now please think of whether there have been any changes in the wobbling, jumping or 19 
blurring since you first noticed it:  20 
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Do you think that the movement occurs less often, more often or about the same?  1 
Adaptation and oscillopsia   2 
Now please think of whether there have been any changes in the wobbling, jumping or 3 
blurring since you first noticed it:  4 
Do you think that the movement occurs less often, more often or about the same?  5 
INCREASED DECREASED SAME  6 
15. If you experience a spinning sensation does anything  7 
(a) provoke it  8 
(b) stop it  9 
YES  10 
YES  11 
NO  12 
NO  13 
If yes, please give details below.  14 
 15 
If no, please move to question 16.  16 
16. If you ever experience a wobbling, jumping or blurring movement does anything:  17 
(a) provoke it YES NO  18 
(b) stop it YES NO  19 
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If yes, please give details below.  1 
 2 
If no, please move to question 17  3 
 4 
SECTION B: THE EFFECTS OF YOUR BALANCE PROBLEM  5 
 6 
Please think of the activities that you have been unable to participate in since the start of 7 
your illness and also think about how you are able to function now. For each of the 8 
following questions you will have four options:  9 
A No difficulty   B Sometimes difficult  C Difficult but can cope  D Cannot do it  10 
17. Driving along a bumpy road A B C D  11 
18. Walking in a straight line A B C D  12 
19. Reading/counting objects while moving A B C D  13 
20. Cycling A B C D  14 
21. Swimming A B C D  15 
Watching sporting activities from the sideline  16 
23. Participating in sporting activities  A B C D  17 
24. Going up and down stairs A B C D  18 
25. Dancing  A B C D  19 
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26. Using public transport A B C D  1 
27. Recognising faces while you are moving A B C D  2 
28. Walking down supermarket aisles  A B C D  3 
29. Other activities (please state):  4 
30. Do you sometimes avoid any of the above activities because it is upsetting for you to try 5 
them?  6 
YES NO  7 
If yes, please write the number of the activities (which can be found on the previous page) 8 
below:  9 
31. Do you have difficulty with any of the above activities because of physical limitations 10 
(i.e. it is uncomfortable or difficult for you to carry out)?  11 
YES NO  12 
If yes, please write the number of the activities (which can be found on the previous page) 13 
below:  14 
32. Are any of these activities more difficult:  15 
(a) in darkness YES NO  16 
(b) after drinking alcohol YES NO  17 
If yes, please state the situation and the particular activity.  18 
33. Please indicate below any other symptoms or difficulties that you have experienced. You 19 
can also use this space for any  20 
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comments that you might have.  1 
Thank you for your co-operation  2 
 105 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
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Appendix 2: Additional TMS Experiment 1 
As discussed previously, area V5 is strongly implicated in visual motion processing critical for 2 
motion perception and analysis (Watson et al., 1993, Zeki et al., 1991).   Studies involving V1 3 
and V5 areas provide evidence for reciprocal networks and feedback loops between V1 and 4 
V5.   5 
The main objective of this experiment was to delineate the differential effects of motion 6 
adaptation and whether this corresponded to differences in cortical location, motion stimuli 7 
or viewing condition and whether this correlated with perceptual measures of visual 8 
dependency.  Hence the effect of motion adaptation on both V1 and V5 cortical excitability 9 
before, during and after motion adaptation would be measured.   It was hypothesised that 10 
visual cortical areas involved in visual motion processing may be associated and correlate 11 
with visual dependency or vection.  12 
12 healthy, right-handed subjects with normal vision (4 males, mean age 23.09 ± 3.81 years) 13 
participated in the V1 experiment and another 12 participants (4 males, mean age 22.52 ± 14 
2.30 years) took part in the V5 experiment (of which 10 also participated in the V1 15 
experiment).  6 participants (1 male, mean age 24.32 ± 5.11 years) were tested in the static 16 
control experiment and 6 participants (4 males, mean age 20.67 ± 1.22 years) participated in 17 
the second, short-exposure control experiment.  All participants had no contraindications to 18 
TMS. All participants, apart from A.J.L. (who took part in the V1, V5 and static control 19 
experiments), were naïve to the purpose of this study.  They all provided written, informed 20 
consent in accordance with the Declaration of Helsinki and the local ethics research 21 
committee approved the study.  22 
  23 
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The visual stimulus comprised of 291 randomly placed luminescent dots (9mm radius) 1 
attached to a black disc, which was placed at a distance of 80 cm, subtending a field of view 2 
of 62 x 62° (Figure 26). Participants were instructed to focus on the central dot (5mm 3 
radius), which was set to their eye-level. The disc rotated either clockwise or counter 4 
clockwise (CW or CCW), at a constant velocity of 30°/s in a dark environment.   5 
Transcranial magnetic stimulation (TMS) was applied over area V1 using a functional 6 
method previously described  (Pascual-Leone and Walsh, 2001, Seemungal et al., 2013, 7 
Silvanto et al., 2005a) to elicit a reliable, stationary phosphene in the midline.  For area V5, 8 
the coil was initially placed 3 cm dorsally and 5cm lateral from the inion until a moving 9 
phosphene in the right hemifield was perceived as per convention (Hotson et al., 1994). To 10 
ensure reliability of phosphene perception, participants were asked to describe phosphene 11 
location, superimposed on an imaginary clock face, until a satisfactory location for both V1 12 
and V5 was determined. The phosphene threshold (PT), i.e. the TMS intensity at which one 13 
perceives a phosphene in 50% of the trials, of each participant was obtained using a 14 
modified binary search (MOBS) paradigm (Tyrrell & Owens, 1998) in dim light.   15 
Visual dependency: subjective visual vertical (SVV) and vection measurements 16 
Visual dependency was obtained as a possible behavioural correlate for changes in cortical 17 
excitability. To calculate visual dependency, participants completed 12 (6 CW and 6 CCW) 18 
trials in which they aligned an illuminating line to their perceived vertical during visual 19 
rotation around the line of sight. Before each trial, the line was tilted ± 30-50° (“off-set”) in a 20 
counterbalanced order. Participants had to adjust the line to the perceived vertical with a 21 
hand-held potentiometer. SVV values were expressed in degrees (°) and reflected the 22 
deviation from the Earth vertical (= 0°). Deviations to the right were counted as a positive 23 
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value, deviations to the left as a negative value (Guerraz et al., 2001). To calculate visual 1 
dependency, an average was calculated over the six trials for CW and CCW separately. 2 
To measure vection induced by the rotating stimulus, participants were instructed to press a 3 
key on a keypad as soon as they experienced vection (feeling of self-motion) and to keep it 4 
pressed for as long as they experienced self-motion. From this data, vection latency (s) and 5 
vection duration (s) were calculated.    6 
Experimental protocol (for main and control experiments) is further illustrated in Figure 27.  7 
Effects of visual motion adaptation on V1and V5 cortical excitability are represented in 8 
Figures 28-30 and summarised below. 9 
Visual motion adaptation did have a significant impact on the V1 phosphene probability, 10 
F(1,11) = 22.77, p < .0001.(Figure 28)  The direction of rotation, CW or CCW, did not have a 11 
significant influence on the probability of seeing a V1 phosphene F(1,11) = 0.032, p = ns  12 
(Figure 28).  13 
Figure 29 shows the V1 and V5 phosphene probabilities obtained pre- peri- and post-14 
adaptation. A mixed design ANOVA revealed that both V1 and V5 phosphene probabilities 15 
changed due to visual motion adaptation, F(1.36,29.82) = 12.058, p = .001. After adaptation 16 
the probability of reporting V1 and V5 phosphenes was significantly higher compared to 17 
probabilities obtained during and before adaptation, F(1,22) = 37.53, p < .0001. 18 
Moreover, a significant interaction effect indicated that V1 and V5 phosphene probabilities 19 
were differentially affected by visual motion adaptation, F(2,44) = 5.60, p = .007.  First, the 20 
change in V1 phosphene probability during motion adaptation (i.e. pre-peri change) was 21 
significantly different from the change in V5 phosphene probability, F(1,22) = 7.88, p = .010, 22 
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Specifically, motion adaptation caused a decrease in the probability of seeing a V1 1 
phosphene, while it increased the probability of seeing a V5 phosphene. Secondly, the V1 2 
phosphene probability obtained post-adaptation was significantly higher than the V5 3 
probability compared to probabilities obtained peri- and pre-adaptation, F(1,22) = 4.52, p = 4 
.045.  Finally, neither exposure to a static disc (Figure 30A ), nor an exposure of 60s to a 5 
rotating disc (Supplementary Figures 30B) induced significant changes in the V1 phosphene 6 
probability.  7 
The twofold aim of this study was to investigate V1 and V5/MT cortical excitability pre, 8 
during and post visual motion adaptation and to investigate whether changes in cortical 9 
excitability could act as a neural correlate for visual dependency.  A significant increase in 10 
both V1 and V5 Pλ, after visual motion adaptation, was observed, whilst during adaptation 11 
opposing effects were seen (V1 Pλ tended to decrease and V5 Pλ tended to increase).  12 
Changes in V1 and V5 cortical excitability however did not significantly correlate with visual 13 
dependency and vection.  14 
In summary, V1 and V5 cortical excitability were differentially affected during adaptation to 15 
a stimulus in roll, which could be explained by the concept of reciprocal V1-V5 inhibition and 16 
feedback.  In addition, we could not find any correlation between changes in V1 and V5 17 
cortical excitability and visual dependency or vection.  18 
 19 
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a.  b.  1 
 2 
Figure  27: Still image of the rotating disc.b. Experimental set-up  3 
 4 
The participant was seated in the chair with the head fixed by a chin-rest, headrest against 5 
the forehead and ear pads.   6 
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 1 
 2 
Figure 28: Flow charts of the test paradigm 3 
 4 
 5 
 6 
Figure 29: Supplemental Figures 7 
  8 
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 1 
 2 
 3 
Figure 30: Bar graph of V1 and V5 phosphene probability 4 
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 1 
 2 
Figure 31:  Visual dependency (VD) measures  3 
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 1 
Figure 32: Supplementary figure for control experiments.  2 
 3 
